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and  Lu),  bis(pentafluorophenyl)mercury  (Hg(C6F5)2),  PhFormH  and  using  THF  as  solvent. 
Trivalent  complexes with  the  general  formula  [Ln(PhForm)3(thf)x].(THF)y were  synthesized 
















Chapter  4  is  a  small  contribution  to  the  main  group  chemistry  involving  PhFormH  and 
DMFormH ligands. This chapter presents the synthesis and structural characterisation of the 
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Organometallic  chemistry  combines  aspects  of  classical  organic  and  inorganic  chemistry. 
Organometallic  chemistry  studies  involve  the  interactions between organic molecules and 
inorganic  species  containing  metals.1  Therefore,  the  number  of  possible  organometallic 
compounds  is almost unlimited. The  suffix  “metallic”  in  the  term “organometallic” can be 
interpereted as the elements which are metallic (more electropositive) compared to carbon. 
According to this definition, derivatives of nitrogen (3.0), oxygen (3.5), sulfur (2.6), fluorine 
(4.0),  chlorine  (3.0),  bromine  (2.8)  and  iodine  (2.7)  are  excluded  from  organometallic 
compounds because of their higher electronegativity than carbon (2.5). There is a long history 
regarding organometallic compounds in industry. The background refers to the 1849, when 







electrons  in  their d valence shell.1 The organometallic compounds consisting of  rare earth 














earth materials  (REMs),  rare  earth  oxides  or  yttrium based  rare  earth metals.  Rare  earth 
metals  can  be  classified  into  two  distinct  categories:  light  rare  earth  elements  (LREEs), 










the  lanthanoid  ion  Ln3+.  The  f  orbitals  of  lanthanoids  (and  actinoids)  are  gradually  filled. 
Lanthanum has the electron configuration [Xe] 6s2 5d1.8 In lanthanum, the 5d subshell is lower 
in energy than 4f so the 5d subshell fills before the 4f. However, the 4f orbitals become more 




f  subshell.  So,  the  electron  configuration  for Gd  is  [Xe]  6s2  5d1  4f7.  The  earlier  pattern  is 





   Table 1‐1. Abundance of the lanthanoids in the earth’s crust and in the solar system   La  Ce  Pr  Nd  Pm  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu  Y 
Crust (ppm)   35  66  9.1  40  0  7  2  6  1  5  1  4  1  3  1  31 
Solar System (with 
respect to 107 atoms Si) 





  Atom  Ln3+  Ln4+  Ln2+ 
La  [Xe] 5d16s2  [Xe]     








Pm  [Xe] 4f5 6s2  [Xe] 4f4     
Sm  [Xe] 4f6 6s2  [Xe] 4f5    [Xe] 4f
6 
Eu  [Xe] 4f7 6s2  [Xe] 4f6    [Xe] 4f
7 









Ho  [Xe] 4f11 6s2  [Xe] 4f10     
Er  [Xe] 4f12 6s2  [Xe] 4f11     
Tm  [Xe] 4f13 6s2  [Xe] 4f12   
[Xe] 
4f13 

































Organometallic  compounds  can  be  synthesized  using  different  reactions. Metathesis  (salt 
elimination) and protolysis are  the common synthetic  routes  to prepare rare earth metal‐















In  metathesis  reactions  the  choice  of  lanthanoid  halide  and  alkali  metal  salt  as  starting 







































such  as  diphenylmercury18  or  bis(pentafluorophenyl)mercury18,  21‐25  and  a  protic  ligand 
(Equation 1‐4). 
 



































by  heating  to  reflux  one  equivalent  of  triethyl  orthoformate with  two  equivalents  of  the 












steric  bulk  and  electronic  functionality  at  the  N  donor  atoms.30  Moreover,  rare  earth 









































formamidines.  This  chapter  presents  examples  of  using  various  formamidines  to  prepare 














LiBun  using  THF,  DME  and  a  non‐coordinating  solvent  (hexane)  in  the  presence  of  the 















TolForm)2(thf)2],  [Mg(p‐Tolform)2(dme)].DME  and  [Mg(p‐TolForm)2(TMEDA)]  compounds 
using THF, DME and  TMEDA (diluted in toluene) respectively. In the case of using THF, [Mg(p‐












Trivalent  rare  earth  compounds  with  general  form  [Ln(p‐TolForm)3]2  can  be  used  as 
precursors to synthesize other N,N’‐bis(aryl)formamidinates. This study shows treating [Sm(p‐



























In  another  study  involving  RTP  reactions,  [Ca(o‐TolForm)2(thf)2]  and  [Sr(o‐TolForm)2(thf)3] 
compounds were  synthesized  by  using  calcium  and  strontium with  two  equivalents  of  o‐


















left). The ytterbium center  in  [Yb(o‐TolForm)3(thf)] has  three chelating o‐TolFormH ligands 
and one thf molecule which render a seven‐coordinate ytterbium center (Scheme 1‐12 right). 
The  ionic  radius  of  Yb3+  is  smaller  than  La3+  due  to  the  lanthanoid  contraction  and  the 




Replacement  of  methyl  groups  in  o‐TolFormH  ligand  with  fluoride  gives  N,N’‐di‐(ortho‐
fluorophenyl)formamidine (HFPhF) as an another ligand which can be used for synthesizing 
metal‐organic  compounds.  HFPhF  has  been  used  along  with  n‐butyllithium,  sodium 
bis(trimethylsilyl)amide  and  potassium  bis(trimethylsilyl)amide  to  prepare  the  colorless 
crystalline formamidinate complexes [Li(FPhF)(thf)], [Na‐(FPhF)(thf)] and [K(FPhF)].37 Also, in 
this  study  [Na(FPhF)(Et2O)] was prepared by a  low‐temperature  reaction between  sodium 
bis(trimethylsilyl)amide and HFPhF  in diethyl  ether.  These  compounds were  the  first non‐
chromium  complexes  of  N,N’‐di(ortho‐fluorophenyl)formamidinate.  Structures  of 
[Li(FPhF)(thf)] and  [Na(FPhF)(Et2O)]  compounds are dimeric  including µ2:η2:η1 and µ2:η2:η2 








exhibit  the  µ2:η4:η3‐binding  mode.  It  has  been  reported  another  dimeric 
[Na3(FPhF)3(Et2O)(NaF)]  compound  was  isolated  during  preparation  of  [{Na(µ2:η2:η2‐
FPhF)(Et2O)}2] which is result of C‐F activation. This compound also synthesized deliberately 
by  reaction  of  sodium  bis(trimethylsilyl)amide  and  HFPhF  in  Et2O  solution. 
[Na3(FPhF)3(Et2O)(NaF)] contains two trisodium tris(formamidinate) units involving µ2:η2:η2‐
FPhF  ligands,  a  bridging  diethyl  ether  moiety  and  an  unprecedented  µ3:η2:η2:η2‐
formamidinate donor. Together, these trinuclear units encapsulate two sodium fluoride units 











lower  temperatures  (‐50  oC).  This hypothesis was  confirmed by  the absence of  resonance 
signals  at  δ  =  7.08  and  8.49  ppm  in  the  1H  NMR  spectrum  of  the  bulk  product. 










The  first  potassium  formamidinate  complex  [K(MesForm)2]  was  obtained  at  ambient 
temperature  by  treatment  of  the  bulky  N,N'‐bis(2,4,6‐trimethylphenyl)formamidine 







THF  gave  the  tris(formamidinato)lanthanoid(III)  complexes  [Ln(MesForm)3(thf)n].25  It  has 











The  heteroleptic  (mixed  Form  complex)  [Sm(DippForm)2(MesForm)]  was  synthesized  in  a 











performing  reaction  between  MesFormH  and  Y(AlMe4)3  (Scheme  1‐20).17  By  adding 
La(AlMe4)3 to 1 equivalent of MesFormH in hexane, the C‐Me group of the mesityl moiety 
undergoes  C‐H  activation  and  yields  a  yellow  solution  from  which  the  complexes 
[La{η1(N):η6(Ar)‐MesFormAlMe3}(AlMe3)(AlMe4)]  and 
[La(MesFormAlMe3)(AlMe3)(AlMe4)](C6H14)1.5  co‐crystallised  in  a  1:1  ratio.  Presence  of  a 



















Treatment  of  potassium  bis(trimethylsilyl)amide  with  N,N′‐bis(2,6‐
diisopropylphenyl)formamidine  (DippFormH)  yields  the  formamidinate  species 
[{K(DippForm)2K(thf)2}n].nTHF.42  DippFormH  ligands  in  this  compound  participate  in  η6:η1 
binding mode (Scheme 1‐22). Also, it has been reported that by adding a further equivalent 
















1‐23  illustrates molecular  structures  of  lithium  complexes  containing  thf  in  this  research. 
Various binding modes  can be observed  for  the  lithium compounds prepared  in THF:  two 
µ2:η1:η1  ligand binding modes with two terminals and one bridging thf  (Scheme 1‐23  left), 
µ2:η1:η1:η1 ligand bond with three terminal thf connected to a lithium centre (Scheme 1‐23 
middle)  and  a monomer  structure  containing  one  chelating  ligand  and  two  thf molecules 
connected  to  the metal  centre  (Scheme  1‐23  right).  It  can  be  found  that  bonding modes 
gradually change from bridging to chelating. 
The  schematic  molecular  structures  of  the  DME  solvated  EtFormH  and  DippFormH  are 
depicted  in  Scheme  1‐24.  The  nuclearity  of  the  complexes  are  different  for  these  two 
compounds. The [{Li(EtForm)(dme)}2] compound is a dimer containing the µ2:η1:η1 bridging 
mode. Ligands with larger 2‐ and 6‐position alkyl groups have a greater steric effect, resulting 












metallic  reagent  in  solvents  of  THF  and  DME.  The  structures  of  [{Na(EtForm)(thf)}n]  and 
































The  heavy  alkaline  earth  elements  calcium,  strontium  and  barium  were  used  with  two 
equivalents  of  DippFormH  for  another  study  and  related  products  were  reported.44  As  a 
result, [Ca(DippForm)2(thf)], [Sr(DippForm)2(thf)2] and [Ba(DippForm)2(thf)2] were formed in 
good  to moderate yields and  the X‐ray  structures were obtained  (Scheme 1‐28). All  three 
species  are  mononuclear  with  two  chelating  DippForm  ligands  in  the  structure. 
[Ca(DippForm)2(thf)]  has  one  terminal  thf  connected  to  the  Ca  center  and  calcium  is  five 












mononuclear  compounds  of  [Li(XylForm)(pmdeta)],  [Li(EtForm)(pmdeta)]  and 




























the  protonolysis  reactions  of  AlMe3  with  DippFormH  and  EtFormH  and  GaMe3  with 







Preparation of  a new heterobimetallic  samarium‐(II)  formamidinate  complex and  selected 
reactions  of  samarium(II)  complexes  and  one  samarium(III)  formamidinate  complex  with 
benzophenone  or  CS2  were  reported  in  2014.46  The  heterobimetallic  formamidinate 
samarium(II)/potassium  complex  [KSm(DippForm)3]  was  synthesized  by  the  reaction  of 
[Sm(DippForm)3] with potassium graphite in toluene at elevated temperature (Scheme 1‐34). 
[KSm(DippForm)3]  and  [Sm(DippForm)2(thf)2]  are  the  only  known  divalent  formamidinate 
samarium species so far reported.40 In this compound samarium is five coordinated by two 
chelating κ(N,N′) formamidinate ligands and one formamidinate ligand binds to potassium by 






The  highly  unusual  [Sm(DippForm)2(thf){μ‐OC(Ph)=(C6H5)‐C(Ph)2O}Sm(DippForm)2]  (C6H5  = 
1,4‐cyclohexadiene‐3‐yl‐6‐ylidene) compound was reported in this study as the result of the 





It  was  also  reported  that  [Sm(DippForm)2(thf)2]  reacts  with  carbon  disulfide  to  form  a 
dinuclear  [{Sm(DippForm)2(thf)}2(μ‐η2(C,S):κ(S′,S″)‐SCSCS2)] complex via C‐S coupling of CS2 
molecules  (Scheme  1‐36).  [Sm(DippForm)2(CCPh)(thf)]  can  activate  the  C=O  bond  of 











Three  new  cerium(III)  formamidinate  complexes  comprising  [Ce(DFForm)3(thf)2], 
[Ce(DFForm)3] and [Ce(EtForm)3] are the results of another study using protonolysis reactions 










with  eight  nitrogens  and  two  fluorine  donor  atoms  (Scheme 1‐39).  This  complex  has  one 
















[Yb(TFForm)(diglyme)2][Yb(TFForm)4]  is  the  first  crystallographically  characterised  trivalent 















of  Hg0  is  required  to  activate  the  metal.  [{Yb(DFForm)2(CH3CN)}2]  (Scheme  1‐41  left)  or 
[Yb(DFForm)2(thf)3] are two complexes that were isolated using this method with CH3CN/THF 
as  the  solvent.  [{Yb(DFForm)2(CH3CN)}2]  undergoes  CH3CN  activation  upon  heating  in 
PhMe/C6D6  and  decomposes  to  trivalent  products.  Complexes  [{Eu(DFForm)2CN)2}2]  and 





























Divalent  Yb  complexes  prepared  by  RTP  reactions  namely  [Yb(Form)2(thf)2]  (Form  = 
(DippForm, o‐TolForm, EtForm, o‐PhPhForm, TFForm and MesForm), have also been studied 
toward  C‐X  (X=F,  Cl,  Br)  activation  reactions.41  Reaction  of  these  compounds  with 




















Another  studies  show  anhydrous  samarium  or  ytterbium  trichloride  can  be  used  with 
Li(DippForm) and Li2(COT”) [COT”= 1,4‐bis(trimethylsilyl)cyclooctatetraenyl] in thf solution to 









equivalents esters  in  the presence of a metal catalyst  (Scheme 1‐44) described by Russian 
































metal‐organic  compounds using  bis(aryl)formamidine  ligands which  can  show a  variety  of 
bonding  modes  and  can  be  sterically  modified.  Among  all  the  synthetic  routes,  the  RTP 
reaction  has  been  proven  as  an  efficient method  to  synthesize  rare  earth  formamidinate 
complexes.  What is absent in this area is using formamidines of moderate bulk such as N,N'‐
di(diphenyl)formamidine  (PhFormH)  or  N,N'‐di(2,4‐dimethyl)formamidine  (DMFormH). 
43 
 




























































































































































This  introduction  shows  some examples of  lanthanoid  formamidinate  complexes and how 
versatile  the  less  bulky  bis(aryl)formamidine  ligands  are  e.g.  p‐TolFormH  in  producing 
compounds with  variable  coordination numbers  and bonding modes.    p‐TolFormH can be 
used  along with  THF  as  the  solvent  in  a  RTP  reaction  to  synthesize  compounds  with  the 
general  formula  [Ln(p‐TolForm)3(thf)2]  (Ln =  La, Ce, Nd,  Sm).1  The  first µ‐1κ(N,N’):2κ(N,N’) 
coordination mode was observed in trivalent rare earth formamidinates by crystallizing them 
from non‐coordinating solvents which  liberates  thf and yields compounds of general  form 
[Ln(p‐TolForm)3]2.1  Considering  the  amidinate  ligand  class,  especially  non‐bulky 
acetamidinate  ligands,  there  are  only  a  few  examples  of  the  µ‐1κ(N,N’):2κ(N,N’)  binding 
mode.2  However,  it  has  been  found  using  non‐coordinating  solvents  has  no  effect  on 
compounds with smaller RE metals such as lutetium, suggesting this trend highly depends on 










Cerium(III)  formamidinate  [Ce(p‐TolForm)3]  was  prepared  in  good  yield  (96%)  using  a 
protonolysis  reaction  between  [Ce{N(SiMe3)2}3]  and  p‐TolFormH.3  Protonolysis  between 










use  in  catalysts  for  the  Tishchenko  reaction  is  o‐TolFormH.4  This  ligand  was  used  in  RTP 
reactions  to synthesize tris(formamidinato)lanthanoid(III)  complexes,  [La(o‐TolForm)3(thf)2] 
and  [Er(o‐TolForm)3(thf)].5  However,  this  route  was  not  successful  for  preparing  the  Yb 
analogue  in  which  consistently  [{Yb(o‐TolForm)2(µ‐OH)(thf)}2]  was  obtained.  It  has  been 
reported Li(o‐TolForm) and YbCl3 can be used to synthesize [Yb(o‐TolForm)3(thf)]. Later, it was 
found  that  by  using  a  larger  Yb/Hg  ratio  in  RTP  reactions,  the  Yb(II)  compound  [Yb(o‐
TolForm)2(thf)2] can be synthesized.6 Aluminium alkoxides are the traditional catalyst for the 
Tishchenko  reaction.7‐9  Recently,  reactivity  of  lanthanide  complexes,  namely 
[(C5Me5)2LaCH(SiMe3)2]10,  [Ln{N(SiMe3)2}3]11,  12  and  [La2(tBu2pz)6]  (tBu2pz  =  3,5‐di‐tert‐
butylpyrazolate)13,  and  homoleptic  bis(trimethylsilyl)amides  of  the  alkaline  earth  metals 
[M{N(SiMe3)2}2]  (M=  Ca,  Sr,  Ba)14  have  been  studied  towards  the    Tishchenko  reaction. 
However, it has been found that [La(o‐TolForm)3(thf)2] is the most effective in these reactions 
catalyzing the formation of esters from aldehydes.4 
This  chapter  focuses  on  synthesis  and  reactivity  of  RE  formamidinate  complexes  with 

























Single  crystals  suitable  for  X‐ray  crystallography  were  achieved  by  evaporation  and 
concentration  of  the  solutions  (~5  ml)  followed  by  cooling  very  slowly  and  keeping  the 
samples in the fridge (~‐5 oC) for several days. The IR spectra of all complexes are void of the 


















(2.6),  were  crystallized  in  the  monoclinic  space  group  P21/c,  with  the  whole  molecule 
occupying the asymmetric unit. [La(PhForm)3.(thf)2] (2.4) and [Pr(PhForm)3.(thf)2] (2.6) were 
crystallized in the orthorhombic space group Pca21, with the whole molecule occupying the 
asymmetric  unit.  The  geometry  around  the  metal  center  can  be  describe  as  distorted 
dodecahedral  for  these  compounds.  The  compounds  [Gd(PhForm)3.(thf)2].(THF)3  (2.9), 
[Dy(PhForm)3.(thf)2].(THF)3  (2.10),  [Lu(PhForm)3.(thf)2].(THF)3  (2.11)  and 
































the  lanthanide  contraction  effect.  Moving  from  La  to  Lu,  ionic  radii  of  the  metal  center 
decreases as do the bond lengths of coordinating atoms and N‐C‐N centroid. It can be seen in 
these  two graphs  that  the distances  for  [Tb(PhForm)3.(thf)]  (2.1),  [Ho(PhForm)3.(thf)]  (2.2) 
and  [Er(PhForm)3.(thf)]  (2.3)    compounds  are  lower  than  other  compounds.  This  can  be 
attributed to the lower coordination number for these three compounds because of one less 
thf  coordinated molecule  in  the  structure.  However,  this  figure  shows  shorter  Ln‐N  bond 
lengths  for  [Tb(PhForm)3.(thf)]  (2.1)  compared  to  the  [Ho(PhForm)3.(thf)]  (2.2)  and 
[Er(PhForm)3.(thf)] (2.3) which have a same structure. This is an unusual feature observed for 






















































































































































































































































 C1‐Ln‐C2  C1‐Ln‐C3  C2‐Ln‐C3  Sum 
      
Y  107.88o  106.56 o  145.46 o  359.9 o 
La  90.7 o  132.2 o  137 o  359.9 o 
Pr  90.6 o  131.6 o  137.7 o  359.9 o 
Nd  103.51 o  110.56 o  145.84 o  359.91 o 
Sm  111 o  104.7 o  144.2 o  359.9 o 
Gd  110.6 o  104.7 o  144.6 o  359.9 o 
Tb  99.56 o  138.31 o  112.82 o  350.69 o 
Dy  107.9 o  106.5 o  145.5 o  359.9 o 
Ho  99.42 o  138.76 o  112.75 o  350.93 o 
Er  99.33 o  112.63 o  138.73 o  350.69 o 






than  Tb  (2.1),  Ho  (2.2)  and  Er  (2.3).  Currently,  there  are  only  two  other  lutetium 
formamidinates  that  have  been  crystallographically  characterized.  One  is  [Lu(p‐







The  coordination  sphere  of  [Lu(PhForm)3.(thf)2].(THF)3  (2.11)  is  saturated  with  one  more 
coordinate  thf  molecule  compared  with  the  [Lu(p‐TolForm)3.thf].  This  can  be  because  of 
slightly greater  steric effect of p‐TolForm  ligand  that prevents coordination of another  thf 




bond  length  and  lower  ligand  to  metal  center  distance  compared  with 
[Lu(PhForm)3.(thf)2].(THF)3 (2.11). The compound [Lu(p‐TolForm)3.thf] has the average Lu‐N 
bond  length  of  2.3581(3)  Å  while  this  value  is  2.4713(6)  Å  for  [Lu(PhForm)3.(thf)2].(THF)3 












coordinate  neodymium  formamidinate,  [Nd(p‐TolForm)3.(thf)2].THF,  which  has  been 
obtained by using p‐TolFormH ligand in a RTP reaction with Nd metal and Hg(C6F5)2 in THF.1 
This  complex  crystallizes  in  the  monoclinic  space  group  P21/n,  same  as  for 
[Nd(PhForm)3.(thf)2] (2.7), there are three bidentate ligands and two transoid‐thf molecules 
([O1–Nd–O2  =  153.61(6)°])(Scheme  2.2‐2).  Searches  within  the  Cambridge  Structural 
database16  revealed  that  [Nd(p‐TolForm)3.(thf)2].THF  is  the  only  crystallographically 





usual  values  for  [Ln(PhForm)3.(thf)2]  compounds  (Table  2.2‐5).  Three  bulkier  chelating  p‐
TolForm ligands in the structure of [Nd(p‐TolForm)3.(thf)2].THF can exert greater influence to 
the  two thf molecules more  than  the PhForm  ligand so wider angles are expected  for  the 
transoid‐thf molecules.  
Mononuclear rare earth formamidinate structures with three chelating ligands is a common 
structural  type  for  lanthanoid  (III)  complexes.  Table  2.2‐4  shows  some  other  examples  of 





































Attempts  for getting pure divalent or  trivalent compounds  involving PhForm and Yb or Eu 
using  different  stoichiometries,  solvents  and  different  crystallization  methods  were 
unsuccessful.  Using  Sm  for  obtaining  divalent  compounds  always  gave  the  mononuclear 
trivalent compound [Sm(PhForm)3.(thf)2] (2.8).  Using PhFormH and Yb in a RTP reaction with 
Hg(C6F5)2 in THF gave a red jelly product which could not be separated from other material in 
solution.  A  small  amount  of  Yb  solution  (≈5 ml)  was  separated  from  the  solution  in  one 
attempt and a layer of DMF was added. The solution was kept in the fridge (≈‐5 oC) for a week. 

























unsuccessful  attempts  to  deliberately  synthesize  a  pure  compound.  The  structure  of 










group  P21/c  with  half  of  the molecule  comprising  the  asymmetric  unit.  The  coordination 
number of metal centers is seven and they are bridged by two coplanar hydroxyl groups. The 
coordination  number  for  each metal  center  is  lower  compared with  the  [{Yb(PhForm)2(µ‐
OH)(dmf)2}2]  (2.12)  because  of  lack  of  one  coordinated  solvent  molecule  and  this  is 
presumably due to the steric influence of the ortho methyl group toward the metal center. 

























unsuccessful.  It  seems  that  the  reactions  of  these  two  metals  undergo  polymerization 
reactions which give gel like products. In the case of Eu, the solution was dark yellow. DME 





































Lanthanoid  formamidinate  compounds have been  known as  reactive  catalysts  toward  the 
Tishchenko  reaction4  (Scheme  2.3‐1)  and  [La(o‐TolForm)3(thf)2]  has  been  reported  as  the 
most reactive catalyst for converting aldehydes to the corresponding esters. However, ortho‐
toluidine,  the  precursor  for  synthesizing  o‐TolFormH,  has  been  reported  as  a  restricted 
carcinogen.20,  21  The  aim  is  to  replace  [La(o‐TolForm)3(thf)2]  with  another  lanthanoid 







activities  of  [Ho(PhForm)3.(thf)]  (2.2),  [Er(PhForm)3.(thf)]  (2.3),  [Y(PhForm)3.(thf)2].(THF)3 





hr and 120 hr after  initiating  the  reaction. Decrease  in  the characteristic aldehyde proton 
signal (at 5.18 ppm) and increase in the intensity of the benzyl group proton signal (at 9.72 








reactivity  is  expected  for  [Sm(PhForm)3.(thf)2]  (2.8)  and  [Gd(PhForm)3.(thf)2].(THF)3  (2.9) 
compared  with  [Ho(PhForm)3.(thf)]  (2.2),  [Er(PhForm)3.(thf)]  (2.3)  and 
[Y(PhForm)3.(thf)2].(THF)3  (2.5),  because  higher  ionic  radius makes  the metal  center more 
accessible. Less reactivities of (2.8) and (2.9) can be attributed to higher coordination number 
of metal centers in these compounds. Considering compounds with the same metal center 
coordination  numbers,  higher  reactivities  have  been  observed  for  higher  ionic  radii. 
[Y(PhForm)3.(thf)2].(THF)3  (2.5) compound  is an exception and  it  is  rather confusing  to see 
highest  reactivity  for  this  compound  despite  of  lower  ionic  radii  compared  with  other 
compounds like  [Sm(PhForm)3.(thf)2] (2.8). 




hindered  formamidinates  like  [La(XylForm)3.(thf)]  or  [La(EtForm)3]  have  greater  catalytic 
reactivity compared with the (2.2), (2.3), (2.5), (2.8) and (2.9).4 
The reason of less catalytic activities of these compounds is not clear yet. In previous studies, 
it  has  been  found  that  the  ionic  radii  of  the  involved  lanthanoid  atom  plays  the  most 
important role in controlling the rate of catalytic conversion of aldehydes.23 The aim was to 
compare the reactivity of compounds with the same metal centers however despite many 



















trivalent  and  PhFormH  shows  difficulties  to  use  as  the  ligand  for  synthesizing  divalent 
compounds. The resulted structures showed this ligand can bind lanthanoids very well and in 
most of the cases three chelating PhForm ligands bind to the metal center. Hoping to reduce 




reactivity  of  these  compounds  were  less  than  previously  reported  [La(o‐TolForm)3.(thf)2]. 
Ortho‐toluidine, the precursor for synthesizing o‐TolFormH, is a carcinogenic compound and 
this  study  demonstrated  another  compounds  like  [Y(PhForm)3.(thf)2].(THF)3  (2.5)  can  be 








































an  inert  atmosphere  since  lanthanoid  metals  and  their  products  are  air‐sensitive  and 
moisture‐sensitive. Sodium or sodium/benzophenone were used for refluxing and distillation 
of  solvents  to  dry  and  deoxygenate  them prior  to  use  in  reactions.  The  lanthanoid metal 
reagents were purchased either in form of fine powders or metal ingots from Rhone Poulenc 
or Santoku. In the case of metal ingots, they were freshly filed under an inert atmosphere into 
metal  filings.  PhFormH  ligand  either  was  purchased  from  Sigma‐Aldrich  or  prepared  by 
literature methods.24 IR data were obtained from Nujol mulls for the region 4000‐400 cm‐1 
with  a  Nicolet‐Nexus  FT‐IR  spectrometer.  1H  NMR  spectra  were  recorded  with  a  Bruker 
Avance 400 MHz spectrometer using dry degassed deutero‐benzene (C6D6) as solvent, and 
resonances  were  referenced  to  the  residual  1H  resonances  of  the  deuterated  solvent. 































mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 












































































































mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 



































C47H49LaN6O2 (M =868.83  g/mol):  orthorhombic,  space  group  Pca21 (no.  29), a = 
21.3685(10) Å, b =  10.2707(5) Å, c =  19.5253(9) Å, V =  4285.2(4) Å3, Z =  4, T =  298.15 K, 
μ(MoKα) = 1.041 mm‐1, Dcalc = 1.347 g/cm3, 100904 reflections measured (3.812° ≤ 2Θ ≤ 55°), 





14.142(3) Å, c =  22.886(5) Å, β =  106.78(3)°, V =  5307(2) Å3, Z =  4, T =  173.15 K,  μ(MoKα) = 
1.088 mm‐1, Dcalc = 0.224 g/cm3, 44235 reflections measured (3.428° ≤ 2Θ ≤ 55.812°), 12547 




C47H49N6O2Pr  (M =870.83  g/mol):  orthorhombic,  space  group  Pca21 (no.  29), a = 
21.355(3) Å, b =  10.2952(12) Å, c =  19.527(2) Å, V =  4293.1(9) Å3, Z =  4, T =  298.15 K, 







C54H54N6NdO2 (M =963.27  g/mol):  monoclinic,  space  group  P21/n  (no.  14), a = 













C59H73GdN6O5 (M =1067.32  g/mol):  monoclinic,  space  group  P21/c  (no.  14), a = 






C59H73DyN6O5 (M =1107.72  g/mol):  monoclinic,  space  group  P21/c  (no.  14), a = 













































































































Different  lanthanoid  formamidinate  complexes  of  [Yb(XylForm)2(thf)2],  [Yb(EtForm)2(thf)2], 
[Yb(o‐PhPhForm)2(thf)2],  [Yb(DippForm)2(thf)2]  and  [Eu(DippForm)2(thf)2]  have  been 
previously prepared by RTP reactions between an excess of the lanthanoid metal, Hg(C6F5)2 





These  complexes  underwent  C‐X  (X=F,  Cl,  Br)  activation  reactions  with  perfluorodecalin, 
hexachloroethane  or  1,2‐dichloroethane,  and  1‐bromo‐2,3,4,5‐tetrafluorobenzene,  giving 
[Yb(EtForm)2F]2, [Yb(o‐PhPhForm)2F]2, [Yb(o‐PhPhForm)2Cl(thf)2], [Yb(DippForm)2Cl(thf)] and 
[Yb(DippForm)2Br(thf)].  The  coordination  number  for  Yb  in  [Yb(EtForm)2F]2, 
[Yb(DippForm)2Cl(thf)]  and  [Yb(DippForm)2Br(thf)]  is  six.  [Yb(EtForm)2F]2  has  dimeric 
structure containing fluoride‐bridged mode (Scheme 3.1‐2). However, [Yb(DippForm)2Cl(thf)] 
and  [Yb(DippForm)2Br(thf)]  are  mononuclear.    [Yb(o‐PhPhForm)2Cl(thf)2]∙2THF  is  a  seven 









at  ambient  temperature  led  to  the  formation  of  the  samarium(III)  halide  complexes 
[Sm(DippForm)2Cl(thf)], [Sm(DippForm)2Br(thf)] (Scheme 3.1‐4) and [Sm(DippForm)2I(thf)] in 
good  yields.2  The  subsequent  metathesis  reaction  of  [Sm(DippForm)2Cl(thf)]  and 
[La(DippForm)2F(thf)] with LiMe and LiCH2SiMe3 (Scheme 3.1‐5) resulted in the formation of 
samarium alkyl complexes [Sm(DippForm)2Me(thf)], [Sm(DippForm)2CH2SiMe3(thf)] (Scheme 
3.1‐6)  and  [La(DippForm)2Me(thf)]  (Scheme  3.1‐7)  which  contains  a  rare  terminal  methyl 

































3,4,5,6‐tetrafluorophenyl)mercury  and  DippFormH  in  THF.  The 
mono(formamidinato)samarium(III)  complex  [Sm(DippForm)Br2(thf)3]  (Scheme  3.1‐9)  was 

















Similar  rare‐earth  metal  monoalkyl  complexes  of  formamidinates  have  been  reported  in 
another study.3 In this study [LnL2CH2SiMe3.thf], [L2 = (XylForm)2, Ln=Y; L2 =(DippForm)2, Ln=Y, 












































research.  Compounds  [Y(DMForm)3(thf)]  (3.1),  [Lu(DMForm)3(thf)]  (3.2), 
[Pr(DMForm)3(DMFormH)]  (3.3),  [Ho(DMForm)3(DMFormH)]  (3.4),  [Sm(DMForm)3(dme)] 
(3.5), [Gd(DMForm)3(dme)] (3.6) and [Er(DMForm)3(dmf)] (3.7) were obtained as the result 
of these reactions. In most of the cases, reactions had to be repeated many times to obtain 
enough  pure  sample  for  all  the  required  analysis.  The  compounds  were  continually 
contaminated  with  starting  materials  and  separation  was  difficult  based  on  solubility. 
Additionally,  obtaining  good  quality  crystalline  material  was  problematic  and  generally 
required recrystallization from varying solvents. We were able to obtain very pure crystalline 
materials  to  ensure our  reactivity  studies were based on pure  compounds.  Single  crystals 
suitable  for  X‐ray  crystallography were  achieved by evaporation  and  concentration of  the 
solutions (~5 ml) followed by cooling down very slowly and keeping the samples in the fridge 
for several of days. The IR spectra of all complexes are void of the 3300 cm‐1 absorption for 
all  compounds  suggesting  complete  consumption  of  DMFormH,  except  for 
[Pr(DMForm)3(DMFormH)]  (3.3)  and  [Ho(DMForm)3(DMFormH)]  (3.4)  attributable  to  N‐H 
stretching. The result of  1H NMR spectra (in C6D6) supports  the presence of DMForm with 
resonances at δ ≈ 9 ppm (NC(H)N). EDTA was used for metal analyse performed on crystals of 




despite  of  many  attempts.  Considering  the  result  of  other  analysis  methods,  the  poor 




group  P21/c,  with  the  whole  molecule  occupying  the  asymmetric  unit.  The  molecular 





















Å). For  simplicity  the back bone carbon was considered as  the point of attachment  for all 
compounds.  This  compound  can  be  compared  with  [Y(PhForm)3.(thf)2].(THF)3  (2.5).  The 
coordination number of the metal center in (3.1) is less than in (2.5) because of the lack of 
one  coordinated  solvent  molecule  which  can  be  attributed  to  the  higher  steric  effect  of 
DMForm. The average Y‐N bond length for (2.5) is 2.452(7) Å which is longer than the average 
Y‐N bond length for (3.1) (2.400(2) Å). The same trend can be observed for the average of 
ligand  to  metal  center  distances  which  suggests  that  although  DMForm  is  bulkier  than 
PhForm, one more coordinated solvent molecule for (2.5) has more effect on increasing the 
radius of the coordination sphere around the metal center. There are few examples of yttrium 
formamidinate complexes  in  the  literature and all of  them are  reported using more bulky 
forms  of  formamidinates.3‐5  Compounds  (2.5)  and  (3.1)  are  the  least  bulky  yttrium 
formamidinate complexes that have been crystallographically characterized.  
Table 3‐2 shows the bond lengths of [Lu(DMForm)3(thf)] (3.2). This compound has the same 


























PhForm,  the  lower  coordination  number  in  (3.2)  makes  (3.2)  less  bulky  than  (2.11).  So, 








































Compound  [Ho(DMForm)3(DMFormH)]  (3.4)  has  a  similar  structure  to 
[Pr(DMForm)3(DMFormH)]  (3.3).  It  is  a  mononuclear  compound  and  has  a  coordination 
number  of  seven  about  the  Ho  center.  Figure  3.2‐3  compares  the  bond  lengths  of  this 






THF  or  recrystallization  from  various  solvents  was  failed.  A  pure  product  of 
[Sm(DMForm)3(dme)] (3.5) in the form of yellow crystals was obtained in one RTP reaction 
using DME as the solvent. Figure 3.2‐4 shows X‐ray crystal structure of [Sm(DMForm)3(dme)] 



























































In one of  the attempts using Er as  the metal  and THF as  the  solvent,  very  few crystals of 
[Er(DMForm)3.(thf)]  (3.8)  were  obtained.  The  metal  center  in  this  structure  is  seven 
coordinated and the structure is similar to [Y(DMForm)3.(thf)] (3.1), [Tb(PhForm)3.(thf)] (2.1), 











structure of  this compound. The structure of  this compound  is similar  to  [{Yb(PhForm)2(µ‐
OH)(dmf)2}2] (2.12) and [{Yb(o‐TolForm)2(µ‐OH)(thf)}2].8 However, this compound crystallized 
in  the  triclinic  space group P‐1 with half of  the molecule comprising  the asymmetric unit. 
Same as [{Yb(o‐TolForm)2(µ‐OH)(thf)}2], the geometry about the trivalent Er metal centers can 
be best described as a distorted N(2) face capped triangular prism.8 Figure 3.2‐8 compares 
the bond  lengths of  (3.9) with  [{Yb(o‐TolForm)2(µ‐OH)(thf)}2]. Generally,  because of  lower 
steric hindrance of o‐TolForm, coordinated atoms can approach closer to the metal center so 















of  [Ln(DMForm)3(dmf)x],  a  series  of  RTP  reactions with  different  lanthanoids  in  THF were 
performed and DMF was used as the recrystallization solvent. As the result of these reactions, 














evaluated  based  on  1  mol%  of  the  catalyst.  The  yields  were  calculated  in  different  time 
intervals of 5 min, 1 hr, 24 hr, 48 hr, 72 hr, 96 hr and 120 hr after starting the reaction. Increase 
in  the  intensity  of  the  benzyl  group  proton  signal  (at  9.72  ppm)  and  decrease  in  the 
characteristic aldehyde proton signal (at 5.18 ppm) in the 1H NMR spectrums provide good 
evidence  for  production  of  benzyl  benzoate.  Figure  3.2‐9  compares  the  reactivities  of 
[Pr(DMForm)3(DMFormH)]  (3.3),  [Ho(DMForm)3(DMFormH)]  (3.4)  and  [Er(DMForm)3(dmf)] 











(i.e.  same  ionic  radii)  should  be  compared with  each other.  Comparing  [Y(DMForm)3(thf)] 
(3.1),  [Ho(DMForm)3(DMFormH)]  (3.4)  and  [Er(DMForm)3(dmf)]  (3.7)  with 
[Y(PhForm)3.(thf)2].(THF)3 (2.5), [Ho(PhForm)3.(thf)] (2.2) and [Er(PhForm)3.(thf)] (2.3) shows 



















In  this  chapter  DMFormH  was  engaged  to  synthesize  a  set  of  lanthanoid  formamidinate 
complexes using Ln = Y, Pr, Sm, Gd, Ho, Er and Lu. All the resultant compounds were trivalent 
with  three  chelating  formaminate  ligands  about  the  metal  centers.  The  results  show 
DMFormH  can  bind  rare  earth  elements  very  well  and  is  a  suitable  ligand  to  synthesize 
organo‐lanthanoid compounds. However, most of the yields were low and isolating a pure 
product  was  relatively  difficult  compared  with  PhFormH.  The  study  of  catalytic  reactivity 
towards  the  Tishchenko  reaction  shows  [Y(DMForm)3(thf)]  (3.1)  can  be  introduced  as  a 
possible  replacement  for  the  highly  catalytically  active  [La(o‐TolForm)3.(thf)2]  (where  o‐
toluidine, the starting material for the synthesis of o‐TolFormH is a registered carcinogen). 











sensitive.  Sodium  or  sodium/benzophenone  were  used  for  refluxing  and  distillation  of 





spectra  were  recorded with  a  Bruker  Avance  400 MHz  spectrometer  using  dry  degassed 






mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 













mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 
























































cm‐1):  ν  =  1867.94  (vw),  1659.7  (s),  1607.65  (m),  1540.37  (s),  1466.79  (vs),  1376.76  (vs), 
























mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 






mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 








mmol)) were added  to  a  Schlenk  flask and dissolved  in THF  (20 mL) with  stirring  at  room 
temperature for one week. The resulting green yellowish solution was filtered through a filter 
cannula from the metal residue and completely dried. Resulting yellowish solid was dissolved 
































0.820 mm‐1, Dcalc =  1.209 g/cm3,  48878  reflections measured  (2.408°  ≤  2Θ  ≤  50°),  10207 





22.2459(7) Å, c =  20.1078(6) Å, β =  91.5140(10)°, V =  7341.2(4) Å3, Z =  4, T =  296.15 K, 
μ(MoKα) = 1.116 mm‐1, Dcalc = 1.057 g/cm3, 115726 reflections measured (2.73° ≤ 2Θ ≤ 55°), 




C55H60N6O2Sm  (M =987.44  g/mol):  monoclinic,  space  group  P21/n  (no.  14), a = 








C55H67GdN6O2 (M =1001.39  g/mol):  monoclinic,  space  group  P21/n  (no.  14), a = 






C54H64N7OEr  (M =994.5  g/mol):  monoclinic,  space  group  P21 (no.  4), a =  10.350(2) Å, b = 
18.139(4) Å, c =  12.726(3) Å, β =  95.47(3)°, V =  2378.3(8) Å3, Z =  8, T = 293 K,  μ(Mo  Kα) = 
1.810 mm‐1, Dcalc = 1.3843 g/cm3, 43430 reflections measured (3.92° ≤ 2Θ ≤ 63.8°), 11749 





17.961(4) Å, c =  21.234(4) Å, β =  103.24(3)°, V =  5640(2) Å3, Z =  4, T =  293(2) K,  μ(MoKα) = 
1.526 mm‐1, Dcalc = 1.169 g/cm3, 102107 reflections measured (3.004° ≤ 2Θ ≤ 63.714°), 15960 




C46H62ErN4O4 (M =881.06  g/mol):  triclinic,  space  group  P‐1  (no.  2), a =  13.046(3) Å, b = 
14.116(3) Å, c = 14.301(3) Å, α = 61.37(3)°, β = 77.51(3)°, γ = 73.23(3)°, V = 2203.8(10) Å3, Z = 







C54H64N7OTb  (M =986.06  g/mol):  monoclinic,  space  group  P21 (no.  4), a =  10.427(2) Å, b = 
18.114(4) Å, c =  12.684(3) Å, β =  95.58(3)°, V =  2384.3(8) Å3, Z =  2, T = 293 K,  μ(Mo  Kα) = 
1.529 mm‐1, Dcalc = 1.3692 g/cm3, 43424 reflections measured (5.78° ≤ 2Θ ≤ 63.7°), 11909 




C54H64LuN7O  (M =1002.10  g/mol): monoclinic,  space group P21 (no.  4), a =  10.333(2) Å, b = 
18.156(4) Å, c =  12.740(3) Å, β =  95.29(3)°, V =  2379.9(8) Å3, Z =  2, T = 293 K,  μ(Mo  Kα) = 
2.120 mm‐1, Dcalc = 1.3941 g/cm3, 42400 reflections measured (3.92° ≤ 2Θ ≤ 63.4°), 13072 




















































































Interest  in  lithium  organometallic  chemistry  emerges  from  their  importance  as  strong 








ligand  chelates  and  bridges  two  different  lithium  centers.  Compounds  of  [Li2(p‐
TolForm)2(thf)3].2THF,  [Li(dme)3][Li2(p‐TolForm)3]  and  [{Li2(p‐TolForm)2(tmeda)}∞]  were 
obtained as the result of clean deprotonation of the amino group which was confirmed by 
spectroscopic  evidence.12  X‐ray  data  indicates  that  [Li2(p‐TolForm)2(thf)3].2THF  crystallizes 
with two lithium centers bound by two terminal thf ligands, one bridging thf and two nitrogen 
centers  of  two  different  p‐TolForm  ligands.  The  lithium  centers  are  four  coordinate  in  a 








mode.  The  ligand  has  a  potentially  chelating  NCN  fragment.  However,  no  chelation  is 
observed  in  the  structure.  The  interest  for  using  DME  solvent  was  to  move  from  a 
monodentate  THF  solvent  to  potentially  chelating  solvent  and  determining  structural 
















TMEDA,  to  this mixture.  In  this  study crystals of  [{Li2(p‐TolForm)2(tmeda)}∞] were  isolated 
from the resulting solution. X‐Ray crystal structure analysis showed that the TMEDA ligand 











Sodium  amides  have  gained  less  attention  compared  with  lithium  compounds  in  organic 
synthesis because they are more difficult to handle. However, incorporation of LiX (X = halide) 
can  be  problematic  in  lanthanoid  halide22 metathesis  reactions  which makes  the  sodium 
reagents to be considered as an alternative. Therefore, a detailed study has previously been 
performed.  [Na3(p‐TolForm)3(thf)4]  and  [Na2(p‐TolForm)2(dme)2]  compounds  were 
synthesized  in  good  yield  using  two methods  of  treating  p‐TolFormH with  either  sodium 
hydride  or  by  transamination  using  sodium  bis(trimethylsilyl)amide.12  Reactions  can  be 
performed  using  sodium  hydride  since  it  is  much  cheaper  than  bis(trimethylsilyl)amine. 
However, NMR spectroscopy shows that besides being a simpler synthetic method, a cleaner 
reaction  is  another  advantage of  using  the  bis(trimethylsilyl)amide  reagent.  Scheme 4.1‐4 
shows the structures for both sodium compounds. According to the X‐ray data (Scheme 4.1‐4 
(top)), [Na3(p‐TolForm)3(thf)4] is a trinuclear compound with two structurally distinct sodium 
environments. Na(3)  is bound  to  two  terminal  thf  ligands and  the metal  is  six‐coordinate. 
There  are  two  bidentate  formamidinate  ligands  in  a  μ3‐η2:η1:η1‐binding mode.  The  other 
metal  centers, Na(1) and Na(2) are  five‐coordinate, being bound by a monodentate  thf,  a 
bidentate (chelating) formamidinate and two monodentate (bridging) formamidinate ligands 
















form  of  N,N’‐di(tolyl)formamidines  (m‐TolFormH).23  Using  THF  as  the  solvent  led  to  the 
formation  of  colorless  crystals  of  [{K2(p‐TolForm)2(thf)3}∞]  and  [{(K2(m‐





ether  crown  adducted monomeric  Group  1  amidinate  and  exhibits  both  inter‐  and  intra‐
molecular C–H∙∙∙O hydrogen bonding in the solid‐state which makes [K(p‐TolForm)(18‐crown‐
6)] to be a two‐dimensional hydrogen‐bonded polymer. Scheme 4.1‐5 shows schematic of the 
crystal  structures  for  [{K2(p‐TolForm)2(thf)3}∞]  and  [{(K2(m‐TolForm)2(thf)3).THF}∞].  Their 
molecular  structures  include  discrete  K2(formamidinate)2  units  linked  to  two  adjacent 
K2(formamidinate)2 units. Within  these units  the  formamidinate  ligands coordinate  in a μ‐












torsion  angles  of  52.92(6)o  for  [{K2(p‐TolForm)2(thf)3}∞]  and  32.25(6)o  for  [{(K2(m‐
TolForm)2(thf)3).THF}∞],  it  has  been  suggested  greater  steric  strain  for  the  [{(K2(m‐
TolForm)2(thf)3).THF}∞]. It should be noted that it was the first time that a triple‐thf‐bridged 







The group of  Jordan were pioneers  in aluminium amidinate studies.24‐26  It has been  found 
aluminium amidinate complexes can be used as reagents in organic synthesis or as excellent 
catalysts  toward  olefin  polymerization.24,  26‐31  [AlMe(DippForm)2],  [AlCl(DippForm)2], 
[AlCl(EtForm)2],  and  [AlMe(EtForm)2]32‐34  are  some  of  the  recent  examples  of  aluminium 
bis(aryl)formamidinate  complexes.  DippFormH  and  EtFormH  ligands  were  used  with 
trimethylaluminum in a 1:3 stoichiometry to produce dialuminum formamidinate complexes 
[Me2Al(μ‐DippForm)(μ‐Me)AlMe2] and [Me2Al(μ‐EtForm)(μ‐Me)AlMe2] in good yields of 76% 




























2𝑀𝑁𝑅ଶ ൅ 2𝑅ᇱ𝐻 → 2𝑀𝑅ᇱ ൅ 𝐻𝑁𝑅ଶ 
Equation 4‐3. 
Single  crystals  suitable  for  X‐ray  crystallography  were  achieved  by  evaporation  and 
concentration  of  the  solutions  (~5  ml)  followed  by  cooling  very  slowly  and  keeping  the 
samples in the fridge for several days. The IR spectra of all complexes are void of the 3300 cm‐
1 absorption attributable to N‐H stretching, suggesting complete consumption of PhFormH or 
DMFormH.  The  result  of  1H  NMR  spectra  (in  C6D6)  supports  the  presence  of  PhForm  or 
DMForm with resonances at δ ≈ 9 ppm for NC(H)N.  Repeated attempts to get good elemental 










coordination number of  the metal  centre  is  six and  searching  in  the Cambridge Structural 
database45 revealed that this compound is the first six coordinated potassium formamidinate. 
The metal  center  is bonded by one chelating  formamidinate  ligand, one bridging  (μ‐η2:η1) 
formamidinate ligand, one chelating dme and one bridging dme. The geometry around the 
metal centers can be described as distorted tetrahedral considering backbone carbon of the 




























TolForm)(dme)]∞  (2.858(16)  Å  and  2.804(3)  Å  respectively).  Compound  [Na2(p‐
TolForm)2(dme)2] (Scheme 4.1‐4 (down)) has the same structure as (4.1).22 longer metal…N 
bond lengths (average length = 2.872 (15) Å) can be seen for compound (4.1) compared with 
[Na2(p‐TolForm)2(dme)2]  (average  length  =  2.480(2)  Å)  because  of  larger  ionic  radius  of 
potassium.21 
Treating one equivalent of PhFormH with two equivalents of KN(SiMe3)2 resulted in formation 
of  another  polymeric  structure,  compound  [K2(PhForm)N(SiMe3)2]∞  (4.2).  This  compound 
crystallized  in  the  triclinic  space  group  P‐1  with  one  whole  molecule  occupying  the 
asymmetric  unit  (Figure  4.2‐2).  There  are  one  chelating  formamidinate  (which  bridges  to 
metal  centers)  and  one  N(SiMe3)2  fragment  in  the  structure.  The  formamidinate  ligand 
bridges metal centers in a μ3‐η6:η2:η2 bonding mode. The geometry around the metal center 
can  be  described  as  distorted  trigonal  planar  (Scheme  4.2‐2),  if  the  backbone  carbon  of 





















Comparing  this  compound  with  [{K2(p‐TolForm)2(thf)3}∞]  (Scheme  4.1‐5  (up)),  reveals  the 
average K‐N bond distance is shorter in (4.2) (2.857(3) Å and 2.975(2) Å respectively). This can 
be because of slightly lower steric hindrance of PhForm compared with p‐TolForm. The η6 ‐
bonding  mode  has  been  reported  before  for  other  potassium  bis(aryl)formamidinate 
compounds47‐49 however (4.2) is the first potassium bis(aryl)formamidinate compound that 






Using  sodium  bis(trimethylsilyl)amide,  DMFormH  and  the  same  preparation  method, 
[Na(DMForm)(dme)2]  (4.3) was  synthesized. This  compound crystallized  in  the monoclinic, 
space group C2/c with the whole molecule occupying the asymmetric unit. Figure 4.2‐3 shows 
the X‐ray crystal structure of this compound. The coordination number of the metal centre is 
six  and  there  are  one  chelating  formamidinate  and  two  coordinated  bidentate  dme 
molecules.  The  geometry  of  the  molecule  around  the  metal  centre  can  be  described  as 
distorted trigonal planar if the formamidinate attachment is considered midway between the 
N‐C‐N  fragment  (Scheme  4.2‐3).  The  sum  of  the  angles  in  Scheme  4.2‐3  is  360.07o which 














Å, 2.761(4) Å and 2.447(11) Å  respectively.  The  lower  steric effect of DMForm allows  this 
ligand to become closer to the metal centre so the average Na‐N distance is smaller for (4.3). 





seems  the  steric  constraints  of  DME  reduce  the  number  of  possible  binding  ligands  and 
reduce  the  coordination number of  the metal  center. Using  smaller monodentate  solvent 
molecules  like  THF  or  less  bulkier  forms  of  bis(aryl)formamidinate  can  increase  the 
coordination  number  of  the  metal  center.12,  46,  50  [{Na(EtForm)(thf)}∞]  and 














compound  was  crystallized  in  the  monoclinic  space  group  P21/n  with  half  the  molecule 
occupying the asymmetric unit (Figure 4.2‐4). The coordination number of the metal center 
is  five  and  there  are  one  chelating  formamidinate,  one  bridging  formamidinate  and  one 
coordinated dme molecule about  the metal  center. The  formamidinate  ligands bridge  the 



























Comparing  this  compound  with  (4.3)  clearly  shows  the  lower  steric  effect  of  the 
formamidinate  can  increase  the number  of  coordinated  ligands.  Compound  (4.4)  has one 
more bridging formamidinate in the structure which prevents binding more dme molecules 
to the metal center. Because of one less coordinated dme molecule, the coordination number 
of the metal center  in (4.4)  is smaller than (4.3). The average Na‐N bond length of (4.4)  is 
2.471(2) Å which is longer than the corresponding distance in (4.3) (2.447(11) Å). However, 




longer  Na1‐N1#  distance  (2.470(3)  Å)  in  [Na2(p‐TolForm)2(dme)2]  compared  with  (4.4) 





















































































It has been  reported  that  the  same structure can be  synthesised using p‐TolFormH  ligand 
(Scheme 4.2‐6).51  The steric effect of p‐TolForm and PhForm are almost the same so average 































and 1:3 gave  the same result  for each experiment and compound  [Al(PhForm)3]  (4.6) was 
synthesized. This compound crystallized in the orthorhombic space group Pccn and half of the 
molecule  occupies  the  asymmetric  unit  (Figure  4.2‐6).  There  are  three  chelating  PhForm 

























Compound  (4.6)  is  the  first  aluminium  bis(aryl)formamidinate  compound  that  has  three 
chelating  formamidinates  in  the  structure.45  Using  bulkier  ligands  like  DippFormH  or 










were  used  in  this  study  as  two  formamidinates  with  a  low  steric  effect.  Preparation  and 
characterization  of  [K(DMForm)(dme)]∞  (4.1),  [K2(PhForm)N(SiMe3)2]∞  (4.2), 
[Na(DMForm)(dme)2]  (4.3),  [Na(PhForm)(dme)]2  (4.4),  [Zn4(PhForm)6O].THF  (4.5),  and 
[Al(PhForm)3] (4.6) complexes are discussed in this chapter. [K(DMForm)(dme)]∞ (4.1) is the 
first six coordinated potassium bis(aryl)formamidinate crystallographically characterized.45 It 
has been  found  that both of  the DMFormH and PhFormH can  form polymeric potassium‐
formamidinate  compounds  ((4.1)  and  (4.2)).  Decreasing  the  ligand  steric  effect  led  to  a 
different  bonding  mode  of  η6  in  (4.2).  [Na(DMForm)(dme)2]  (4.3)  was  synthesized  from 
DMFormH and NaN(SiMe3)2 and it was found that by using a ligand with lower steric effect 
(PhFormH) can give a different compound [Na(PhForm)(dme)]2 (4.4), which exhibits different 
bonding  mode  of  μ‐η2:η1.  [Zn4(PhForm)6O].THF  (4.5)  has  a  oxide  cage  structure  and 
comparing with other studies using different formamidinates, [Zn(DippForm)(Et)]4(O),33 more 
formamidinates can be fitted in the structure because of the lower steric effect of PhForm. 


















sensitive.  Sodium  or  sodium/benzophenone  were  used  for  refluxing  and  distillation  of 
solvents to dry and deoxygenate them prior to use in reactions. PhFormH was purchased from 
Aldrich and DMFormH was prepared by literature methods.53 Trimethylaluminium (AlMe3), 












Potassium  bis(trimethylsilyl)amide  (KN(SiMe3)2)  (10  mL  of  a  0.5 M  solution  in  toluene;  5 
mmol) was added by a syringe to a stirring solution of DMFormH (1.25g; 5 mmol)  in DME 
(20mL)  using  Schlenk  line.  After  1  hr  stirring,  the  solution  was  concentrated  to  ~10  mL, 











Potassium  bis(trimethylsilyl)amide  (KN(SiMe3)2)  (10  mL  of  a  0.5 M  solution  in  toluene;  5 
mmol) was added by a syringe to a stirring solution of PhFormH (0.49 g; 2.5 mmol) in THF 
(20mL)  using  Schlenk  line.  After  1  hr  stirring,  the  solution  was  concentrated  to  ~10  mL, 




























































C21H29KN2O2 (M =380.56  g/mol):  triclinic,  space  group  P‐1  (no.  2), a =  8.8050(18) Å, b = 
11.029(2) Å, c =  12.239(2) Å, α =  66.50(3)°, β =  85.81(3)°, γ =  76.15(3)°, V = 1057.9(4) Å3, Z = 





C19H29K2N3Si2 (M =433.83  g/mol):  triclinic,  space  group  P‐1  (no.  2), a =  9.6830(19) Å, b = 
10.887(2) Å, c =  12.246(2) Å, α =  99.72(3)°, β =  104.84(3)°, γ =  103.36(3)°, V = 
1177.9(5) Å3, Z =  2, T =  293(2) K,  μ(MoKα) =  0.512  mm‐1, Dcalc =  1.223 g/cm3,  12890 






13.891(3) Å, c =  15.603(3) Å, β =  117.11(3)°, V =  5271(2) Å3, Z =  8, T =  293(2) K,  μ(MoKα) = 
0.106 mm‐1, Dcalc =  1.125 g/cm3,  47438  reflections measured  (3.35°  ≤  2Θ ≤  63.71°),  7429 




C17H21N2NaO2 (M =308.35  g/mol):  monoclinic,  space  group  P21/n  (no.  14), a = 
12.1748(8) Å, b =  8.0390(5) Å, c =  18.0539(11) Å, β =  102.960(3)°, V =  1721.98(19) Å3, Z = 







C82H74N12O2Zn4 (M =1521.01  g/mol):  triclinic,  space  group  P‐1  (no.  2), a =  14.673(3) Å, b = 
15.918(3) Å, c =  19.353(4) Å, α =  91.90(3)°, β =  102.06(3)°, γ =  101.16(3)°, V = 














































































































































bulk  using  the  RTP  reaction  and  study  the  reactivity  of  the  compounds  towards  the 
Tishchenko reaction. [La(o‐TolForm)3.(thf)2]1 has been reported as the best catalyst towards 
the Tishchenko  reaction. One of  the aims  in  this  study was  to  find a  replacement  for  this 
compound  as  ortho‐toluidine,  the  precursor  for  synthesizing  o‐TolFormH,  is  a  restricted 
carcinogenic compound.2, 3 The idea was to reduce the steric effect of the final compounds 
by using smaller forms of the bis(aryl)formamidinate ligands to make the metal center more 
accessible  for  the  incoming  substrate  so  the  reactivity  of  the  final  compound  should  be 
increased. PhFormH is one of the formamidine ligands that was used in this research as the 
smallest bis(aryl)formamidine ligand. 
Chapter  two  presents  the  results  of  studying  the  structure  and  reactivity  of  lanthanoid 
compounds involving PhFormH ligand. As the results of RTP reactions between Ln = Tb (2.1), 
Ho  (2.2)  and  Er  (2.3),  compounds  with  general  formula  of  [Ln(PhForm)3.(thf)]  were 
synthesized. Using other lanthanoids, Ln=La (2.4), Y (2.5), Pr (2.6), Nd (2.7), Sm (2.8), Gd (2.9), 
Dy  (2.10)  and  Lu  (2.11),  a  series  of  lanthanoid  (III)  complexes  with  general  formula  of 








features  that  was  observed  in  this  research.  The  standard  reaction  of  converting 




can  be  used  for  the  Tishchenko  reaction  however  they  are  not  as  reactive  as  previously 
reported  for  [La(o‐TolForm)3.(thf)2].1  Among  all  of  the  compounds  in  chapter  two, 















the  Tishchenko  reaction  compared  with  other  bis(aryl)formamidinate  compounds 
synthesized in this research. Considering all the compounds in this research, compounds with 
Y as the metal center showed higher reactivity than the analogous compounds. The reason is 





to  synthesize  pure  La  compounds  using  PhFormH  or  DMFormH  ligands  to  compare  the 
reactivities  with  [La(o‐TolForm)3.(thf)2]  compound  failed  mainly  due  to  isolating  the  very 
soluble  compounds.  Comparing  the  reactivities  of  compounds  involving  PhForm  (chapter 








DMFormH and  some of  the main group metals as a  small  contribution  to  the main group 
chemistry involving formamidinates. Chapter four presents several compounds that can be 
used  in  catalysis  (Zn,  Al)  or  in  metathesis  chemistry  (K,  Na).  [K(DMForm)(dme)]∞  (4.1), 
[K2(PhForm)(SiMe3)2]∞  (4.2),  [Na(DMForm)(dme)2]  (4.3),  [Na(PhForm)(dme)]2  (4.4), 
[Zn4(PhForm)6O].THF  (4.5),  and  [Al(PhForm)3]  (4.6)  are  the  compounds  were  synthesized 
using metallation method.5‐7 It was found that DMFormH and PhFormH can form polymeric 
potassium‐formamidinate  compounds  ((4.1)  and  (4.2)).  It  should  be  noted  that 
[K(DMForm)(dme)]∞  (4.1)  is  the  first  six  coordinated  potassium  bis(aryl)formamidinate 
crystallographically  characterized.8  The  study  shows  the  reducing  the  steric  effect  of  the 
formamidinate can change the bonding mode or structure. In the case of K, it led to a different 
bonding  mode  of  η6  in  (4.2)  compared  with  (4.1).  In  the  case  of  using  Na,  the  structure 
changed from [Na(DMForm)(dme)2] (4.3) to [Na(PhForm)(dme)]2 (4.4) which has a different 
bonding mode of μ‐η2:η1.  
Treating  ZnEt2  with  PhFormH  gave  [Zn4(PhForm)6O].THF  (4.5)  which  has  an  oxide  cage 
structure  same as  the perivously  reported    [Zn4(p‐TolForm)6O]  compound.9  The  source of 
oxygen  in  the  structure  is  not  clear  yet  but  has  been  attributed  to  ring  opening  of  thf. 
[Al(PhForm)3]  (4.6)  is  the  result  of  treating AlMe3 with  PhFormH.  It  was  found  that  using 
different  stoichiometries  of  1:1,  1:2  and  1:3  has  no  effect  on  the  reaction  and  all  the 
stoichiometries give the same compound of [Al(PhForm)3] (4.6). 
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Formamidinatesa b s t r a c t
This comprehensive review covers the progress of rare earth chemistry with formamidinate ligands to
date. The ligands involved offer varying steric and electronic effects and focus on the N,N0-bis(aryl)forma
midinates. Synthetic pathways to divalent, trivalent and tetravalent complexes, their structural aspects,
reactivity and potential applications in catalysis are extensively discussed.
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Amidinate ligands ([R1NCR2NR3]) (Fig. 1-1, R4 = H, deproto-
nated) are anionic ligands which can be modified sterically and
electronically to form stable and structurally interesting com-
plexes with metals [1]. Fig. 1-1 shows the general structure of an
amidine. Amidines are named based on the acid or amide obtained
after hydrolysis [2]. Amidinate complexes have versatile applica-
tions in chemical and material sciences [3–6], including as precur-sors for atomic layer deposition of rare-earth oxide films [3,4,7]
and polymerisation of olefins [5,8]. In the case of R2 = H, the com-
pound is called a formamidine. N,N0-Diarylformamidinate ligands
have advantages over amidinate and guanidinate ligands of greater
simplicity. This impacts in ease of synthesis whereby formamidi-
nes, the proligands are readily prepared and can be easily
modulated to vary steric and electronic effects. These can be as var-
ied as anilines available as reactants. The corresponding for-
mamidines open up a wide range of syntheses owing to the
acidic NAH. By constrast amidinate and guanidinate ligands are
harder to access, and although they have in the C-R and C-NR2
moieties the opportunity for additional steric and electronic
Fig. 1-1. The general structure of an amidine.
248 G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265modulation, it also brings complexity in distinguishing these
effects from those of the N-R groups. The N,N0-diarylformamidi
nates ((ArN)2CH), (ArForm)), gives them a special place amongst
the amidinate ligands with a wide variety of applications. For
example, lanthanoid formamidinates are excellent reagents in cat-
alysing the Tishchenko reaction [9].Fig. 1-2. Different FormaIn recent years the N,N0-bis(aryl)formamidinate ligands have
demonstrated considerable coordination flexibility within the
amidinate family of organoamide support ligands and this review
focuses on these N,N0-bis(aryl)formamidinates [10,11]. N,N0-Bis
(aryl)formamidines (ArN@CHANHAr) can be easily synthesized in
high yields by heating to reflux one equivalent of triethyl orthofor-
mate with two equivalents of the appropriate substituted aniline
(Eq. (1)) [12], typically in the presence of an acetic acid catalyst.
They can be sterically and electronically modulated by varying
the substituents within the aryl groups.There has been a lot of interest in developing N,N0-bis(aryl)for
mamidinates as ligands [13]. One important use is to kineticallymidine pro-Ligands.
Fig. 1-3. Possible binding modes for N,N0-bis(aryl)formamidinate ligands.
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ligands [13]. It has also been possible to sterically engineer
carbon-fluorine bond activation [14]. Furthermore, they can act
as anionic ligand supports for low valent compounds. These
ligands bind rare earth metals well with the benefit of variations
of the steric bulk and electronic functionality at the N donor atoms
[15]. Moreover, rare-earth amidinate complexes have great versa-
tility in material and chemical applications, for example, precur-
sors that are used for atomic layer deposition of rare-earth oxide
films [7] or polymerisation of olefins [3]. Fig. 1-2 shows some
important types of formamidine proligands. By using different
derivatives of aniline as the precursor, various formamidine
ligands with different steric properties can be prepared. Therefore,
different metal-organic compounds with different coordination
number can be synthesized by using different formamidines. This
can aid in inducing variations in reactivity.
Bis(aryl)formamidinate ligands can display various potential
binding modes to metal centers (Fig. 1-3). Infrared and NMR spec-
troscopy can be used for studying the coordination of metal bis
(aryl)formamidinate complexes. However, when more than one
binding mode is present and/or the complex exhibits fluxional
coordination in solution, the use of these methods is complicated
significantly, meaning X-ray crystallography is important in deter-
mining the unambiguous structures of these complexes (in the
solid state) [13]. Fig. 1-3 illustrates many of the possible bonding
modes for the N,N0-bis(aryl)formamidinate ligands including mon-
odentate (a), chelate (b-d), g3-allyl (e), bridging (f, g), capping (h),
ortho-metallation (i), C-bonded (j), and g6 bonding (k) [2]. Of these
bonding modes, symmetric chelation (b) is the most commonly
found in RE formamidinate chemistry.2. Formamidinatolanthanoid complexes
This section presents examples of use of various formamidines
to prepare formamidinatolanthanoid complexes.
2.1. Synthesis
Reactive rare earth complexes (organometallics, organoamides
including formamidinates and organo-oxides) can be synthesized
by several reactions. Metathesis (salt elimination), protolysis,
redox transmetallation and redox transmetallation/protolysis are
the common synthetic routes to prepare rare earth metal-organic
compounds.
Metathesis reactions, according to Eq. (2), involve the treatment
of a rare earth halide with an alkali metal complex of the ligand
[16–18].
Equaon 2
In metathesis reactions the choice of lanthanoid halide and
alkali metal salt as starting materials is important. For example,
in many cases the use of lanthanide trichlorides and lithium salts
results in either low yields or unwanted side-products where the
250 G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265alkali metal is retained forming an ‘ate’ species, or the alkali metal
halide is bound to the lanthanoid complex [18].
Protolysis reactions include treatment of a lanthanoid precursor
(LnRn) with an LH proligand (Eq. (3)).
Equaon 3
Due to the high solubility of the reactants in common solvents,
reaction 3.2 can be performed in the absence of coordinating/donorFig. 2-1. Schematic of the X-ray structure of [Yb(XylForm)2(thf)2] (1).
Fig. 2-2. Schematic and the X-ray strusolvents [16]. Thus, this route is a highly versatile approach for the
synthesis of homoleptic lanthanoid complexes. Heteroleptic lan-
thanoid complexes can be synthesized using coordinating/donor
solvents [6,19,20]. Protolysis reactions often involve two stepscture of [KSm(DippForm)3] (10).
Fig. 2-3. Schematic of the X-ray structure of [Eu(DippForm)2(CH3CN)4] (14).
Fig. 2-4. Schematic of the X-ray structure of [{Eu(DFForm)2(CH3CN)2}2] (15).
G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265 251which is the main drawback of this method. Each step involves air
and/or moisture sensitive compounds, and step 3.1 has the usual
potential problems of metathesis reactions.
Redox transmetallation/protolysis (RTP) is another type of reac-
tion for synthesizing rare earth metal-organic compounds. RTP
involves the reaction of a rare earth metal with a diarylmercurial
such as diphenylmercury [21] or bis(pentafluorophenyl)mercury
[14,21–24] and a protic ligand (Eq. (4)).




Yb + XylFormH + Hg(C6F5)2 in THF [Yb(XylFo
Yb + EtFormH + Hg(C6F5)2 in THF [Yb(EtForm
Yb + Ph2Hg + PhPhFormH in THF [Yb(o-PhP
Yb + DippFormH + Hg(C6F5)2 in THF [Yb(DippF
Crystallisation of [Yb(TFForm)2(thf)2] from THF [Yb(TFFor
Yb + TFFormH + Hg(C6F5)2 in THF [Yb(TFFor
Eu + DippFormH + Hg(C6F5)2 in THF [Eu(DippF
Yb + MesFormH + Hg(C6F5)2 in THF [Yb(MesFo
Yb + o-TolFormH + Hg(C6F5)2 in THF [Yb(o-TolF
[Sm(DippForm)3] + KC8 in toluene [KSm(Dipp
DippFormNa and [SmI2(THF)2] in THF or
Sm + DippFormH + Hg(C6F5)2 in THF
[Sm(DippF
[{Yb(DFForm)2(CH3CN)}2] dissolved in PhMe and
[Yb(DFForm)2(thf)3] dissolved in PhMe, C6D6, ether
[Yb(DFFor
Eu + DippFormH in CH3CN [Eu(DippF
Eu + DFFormH in CH3CN [{Eu(DFFo
Yb + DFFormH + Hg in CH3CN [{Yb(DFFo
Yb + DFFormH + Hg in mixture of thf and CH3CN [Yb(DFFor
Yb + Hg(Ph)2 + DippFormH in thf [Yb(DippF
Dissolution of [Yb(DippForm)2(thf)] in CH3CN [Yb(DippF
Crystallisation of [Yb(DippForm)2(CH3CN)3] from toluene or hexane [Yb(DippF
Yb + FFormH + Hg(C6F5)2 in THF [Yb(FForm
Compound (23) recrystallised from DME [Yb(DFForThis method is a one-pot procedure. Therefore, compared with
metathesis and protolysis synthetic routes, it is more straightfor-
ward, particularly since the only air-sensitive material is the lan-
thanoid metal. The isolation procedure is also straightforward
involving a simple filtration to remove excess Ln metal and Hg
produced in the reaction. Donor solvents tetrahydrofuran (THF)
or 1,2-dimethoxyethane (DME) are normally used in RTP reactions.
Reactions in non-donor solvents e.g. toluene normally require
more forcing conditions such as heating [25]. Besides using
mercury reagents, two or three drops of mercury can be added to
the reaction mixture to activate the surface of rare earth metal
by formation of an amalgam. Involvement of mercury reagents is
the main drawback of this type of reaction since it raises environ-
mental concerns and requires care in handling. Hg(C6F5)2 and Hg
(CCPh)2 are stronger oxidants compared with diphenylmercury.
However, Hg(C6F5)2 is more reactive than HgPh2 and can yield rare
Ln(Form)2F complexes after C-F activation of the Ln(Form)2C6F5
intermediate species [24]. Performing RTP reactions using
diphenylmercury often requires activation of the metal
(HgCl2 or I2) and heating [21].2.2. Divalent compounds
Different lanthanoid formamidinate complexes namely [Yb
(XylForm)2(thf)2] (1), [Yb(EtForm)2(thf)2] (2), [Yb(o-PhPhForm)2
(thf)2] (3), [Yb(DippForm)2(thf)2] (4), [Yb(TFForm)2(thf)3] (5) (which
is the result of crystallization of [Yb(TFForm)2(thf)2] (6) from THF),
[Eu(DippForm)2(thf)2] (7), [Yb(MesForm)2(thf)2] (8) and [Yb(o-
TolForm)2(thf)2] (9) have been prepared by RTP reactions between
an excess of a lanthanoid metal, Hg(C6F5)2 or HgPh2 and the corre-
sponding formamidine ligand [26]. All the compounds aremononu-
clear. In the case of [Yb(TFForm)2(thf)3] (5) the ytterbium atom is
seven coordinate whereas the metal centers of other complexes
are six coordinate. The resulting compounds also have chelating N,
N0-Form ligands and cis-thf donors (Fig. 2-1). The variation in the
O-Yb-O angles is an interesting feature which cannot be related to
the bulkiness of the Form ligands. The smallest O-Yb-O angles are
found in the structures of [Yb(DippForm)2(thf)2] (4) and [Eu
(DippForm)2(thf)2] (7) (75.49(10)), and involve the bulkiest/Product Method Refs.
rm)2(thf)2] (1) RTP [26]
)2(thf)2] (2) RTP [26]
hForm)2(thf)2] (3) RTP [26]
orm)2(thf)2] (4) RTP [26]
m)2(thf)3] (5) THF addition [26]
m)2(thf)2] (6) RTP [26]
orm)2(thf)2] (7) RTP [26]
rm)2(thf)2] (8) RTP [26]
orm)2(thf)2] (9) RTP [26]
Form)3] (10) Reduction [27]
orm)2(thf)2] (11) Metathesis/ Salt elimination or RTP [28,29]
m)2] (13) Ligand dissociation [30]
orm)2(CH3CN)4] (14) Direct metal synthesis [30]
rm)2(CH3CN)2}2] (15) Direct metal synthesis [30]
rm)2(CH3CN)}2] (17) Direct metal synthesis [30]
m)2(thf)3] (18) Direct metal synthesis and RTP [30]
orm)2(thf)] (20) RTP and crystallised from thf/hexane [30]
orm)2(CH3CN)3] (21) Solvent exchange [30]
orm)2(CH3CN)2] (22) Dissociation of ligand [30]
)2(thf)2] (23) RTP [31]
m)2(dme)] (24) Recrystallised from dme [31]
Fig. 2-6. X-ray structure of a) [La(CF3Form)3] (25) and simplified structures of b)
[(CF3Form)2(thq)] c) [(CF3Form)2Benz]. All phenyl groups in b) and c) represent
ortho-trifluoromethylphenyl groups, with the CF3 groups removed for clarity.
252 G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265DippForm ligand. Using the least bulky ligand, XylForm, in [Yb
(XylForm)2(thf)2] (1) gives the next smallest O-Yb-O angle (78.13
(9)) and the largest O-Yb-O angle (87.4(2)) is observed in [Yb
(EtForm)2(thf)2] (2), which has the second bulkiest Form ligand.
The preparation of a new heterobimetallic samarium(II)
formamidinate complex and selected reactions of samarium(II)
complexes and one samarium(III) formamidinate complex with
benzophenone or CS2 were reported in 2014 [27]. The hetero-
bimetallic formamidinate samarium(II)/potassium complex
[KSm(DippForm)3] (10) was synthesized by the reaction of [Sm
(DippForm)3] with potassium graphite in toluene at elevated
temperature (Fig. 2-2). [KSm(DippForm)3] (10) and [Sm
(DippForm)2(thf)2] (11) are the only known divalent formamidi-
natosamarium species so far reported [28]. In [KSm(DippForm)3]
(10) samarium is five coordinated by two chelating j(N,N0) for-
mamidinate ligands and a one 1j formamidinate ligand which
also binds to potassium by an g6-2,6-diisopropylphenyl group
and the other N atom.
Reaction of sodium metallated DippForm with [Sm(I)2(thf)2]
has been reported as one method to synthesize [Sm(DippForm)2
(thf)2] (11) compound [29]. During this reaction, another complex,
the trivalent samarate [Na(thf)5][Sm(I)2(DippForm)2(thf)] (12) (see
Table 2.3.1) was isolated as a minor co-product.
It has been reported that reaction of Eu and Yb metal with N,N0-
bis(2,6-diisopropylphenyl)formamidine or N,N0-bis(2,6-difluoro
phenyl)formamidine in CH3CN can be an effective and efficient
method of preparing divalent rare earth formamidinate complexes
without the need of an organomercurial co-oxidant as in RTP syn-
theses [31]. Thus, [{Yb(DFForm)2(CH3CN)}2] (17) (Fig. 2-5) (and
some [Yb(DFForm)2] (13)) and [Eu(DippForm)2(CH3CN)4] (14)were
synthesized from DFFormH and DippFormH respectively and as a
result, the highest coordination number for divalent rare earth
ArForm complexes was observed in the latter compound (Fig. 2-
3). Using DFFormH as the ligand yields [{Eu(DFForm)2(CH3CN)2}2]
(15) (Fig. 2-4) which has an unusual bridging coordination mode
m-1j(N:N0):2j(N:N0). This coordination mode is the first for diva-
lent lanthanoid formamidinates and was only recently reported
for trivalent formamidinates [15]. This paper reports that using
thf in place of CH3CN with the formamidine ligands yields the
trivalent hydroxy-bridged dimer [{Eu(DFForm)2OH(thf)}2] (16)
establishing the importance of using CH3CN. Success for these
two ligands of disparate acidities and bulk suggests that the
method should be widely applicable for most formamidines. The
same method is viable for preparing [Yb(DFForm)2(thf)3] (18) from
CH3CN and CH3CN/THF respectively, but activation of Yb by Hg
metal is required. Tetrametallic oxide species [{Yb2(DFForm)4
(O)}2] (19) was synthesized by exposing [Yb(DFForm)2(thf)3] (18)
to trace amounts of O2. This report compares this synthetic method
to the RTP reaction which yields [Yb(DFForm)2(thf)3] (18) and the
lowest coordination number for divalent rare earth ArForm com-
plexes, [Yb(DippForm)2(thf)] (20), in the case of using Yb as the
metal. [Yb(DippForm)2(CH3CN)3] (21) was crystallised from [Yb
(DippForm)2(thf)] (20) using CH3CN as the solvent. Another Yb
complex [Yb(DippForm)2(CH3CN)2] (22) can be obtained by
evaporation of [Yb(DippForm)2(CH3CN)3] (21) in CH3CN and
recrystallization from PhMe. The center atoms in [{Yb(DFForm)2
(CH3CN)}2] (17) are seven coordinate. They have one CH3CN and
one DFForm terminally bound and an unusual twisted DFForm
bridging ligand, because of the close Yb-F bond (2.626(2)Å).
Another divalent complex [Yb(FForm)2(thf)2] (23) is the result of
a RTP reaction between FFormH and an excess Yb metal [31].
Recrystallization of [Yb(FForm)2(thf)2] (23) from dme yields
another divalent complex [Yb(FForm)2(dme)2] (24). All known
divalent lanthanoid formamidinato compounds are listed in
Table 2.2.1.2.3. Trivalent compounds
A homoleptic monomer i.e. [La(CF3Form)3] (25) (Fig. 2-6) was
obtained from a RTP reaction from CF3FormH [32]. This compound
easily undergoes C-F activation by heating in non-coordinating sol-
vents such as C6D6 or PhMe to produce LaF3 and [(CF3Form)2(thq)]
(thq = tetrahydroquinazoline) as the major and [(CF3Form)2Benz]
(Benz = benzamidine) as the minor product. This process can be
compared to the [Yb(CF3Form)3(thf)] (26) complex (Fig. 2-7) which
Fig. 2-7. X-ray structure of [Yb(CF3Form)3(thf)] (26).
G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265 253was synthesized in the same study. [Yb(CF3Form)3(thf)] (26) can be
C-F activated using the same method to yield the same compounds
but with [(CF3Form)2Benz] as the major product. However, it has aScheme 2-1. Schematic of the X-ray structure of [Sm(DippForm)
Scheme 2-2. Schematic of the X-ray structure of [Ln(DippForm)2R0(thf)]. Ln =longer activation time perhaps due to the lack of significant Yb-F
interactions (Yb-F  3.2427(17) Å) compared with six La-F bonds
in 2b.
The oxidation of [Sm(DippForm)2(thf)2] (11) by tert-butyl chlo-
ride, 1,2-dibromoethane and iodine at ambient temperature led to
the formation of the samarium(III) halide complexes [Sm
(DippForm)2Cl(thf)] (27), [Sm(DippForm)2Br(thf)] (28) and [Sm
(DippForm)2I(thf)] (29) respectively in good yields (Scheme 2-1)
[23]. The metathesis reaction of [Sm(DippForm)2Cl(thf)] (27) and
[La(DippForm)2F(thf)] (30) with LiMe and LiCH2SiMe3 resulted in
the formation of samarium alkyl complexes [Sm(DippForm)2Me
(thf)] (31), [Sm(DippForm)2CH2SiMe3(thf)] (32) and [La
(DippForm)2Me(thf)] (33). The complex [La(DippForm)2Me(thf)]
(33) is the first reported La complex that contains a rare terminal
methyl ligand (Scheme 2-2).
Bis(2-bromo-3,4,5,6-tetrafluorophenyl)mercury, DippFormH
and Sm were used in a RTP reaction to yield [Sm(DippForm)
Br2(thf)3] (34) [23]. The divalent samarium compound, [Sm
(DippForm)2(thf)2] (11), was used in a redox reaction with
diphenylmercury to yield [Sm(DippForm)2(OCH@CH2)(thf)] (35).
[Sm(DippForm)2Cl(thf)] (27), [Sm(DippForm)Br2(thf)3] (34) (Fig. 2-
8), [Sm(DippForm)2Me(thf)] (31), [Sm(DippForm)2CH2SiMe3(thf)]
(32), [Sm(DippForm)2(OCH@CH2)(thf)] (35) (Fig. 2-9) and [La
(DippForm)2Me(thf)] (33) are mononuclear and the coordination
number of the central metal is six in all compounds. Formamidinate
ligands connect by chelation to the metal atom through two nitro-
gen donor atoms. Also, it has been reported benzophenone (bp) or
halogenating agents like TiCl4(thf)2, Ph3CCl or C2Cl6 can be used as2X(thf)]. R = tBu, X = Cl, R = BrC2H4 or 2-HC6F4, X = Br, X2 = I2.
Sm, X = Cl, R0 = Me, Ln = Sm, X = Cl, R0 = CH2SiMe3, Ln = La, X = F, R0 = Me.
254 G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265oxidants to synthesize [Yb(DFForm)3(bp)] (36) and [Yb(DFForm)2Cl
(thf)2] (37) from divalent [Yb(DFForm)2(thf)3] (18) [30]. [Yb
(DFForm)3(thf)] (38)was also obtained from an RTP reaction in this
paper.
It has been reported divalent Yb complexes can induce C-X (X@F,
Cl, Br) activation reactionswith perfluorodecalin, hexachloroethane
or 1,2-dichloroethane, and 1-bromo-2,3,4,5-tetrafluorobenzene,
yielding [Yb(EtForm)2F]2 (39), [Yb(o-PhPhForm)2F]2 (40),Fig. 2-8. Schematic of the X-ray structure of [Sm(DippForm)Br2(thf)3] (34).
Fig. 2-9. Schematic of the X-ray structure of [Sm(DippForm)2(OCH = CH2)(thf)]
(35).
Fig. 2-10. Schematic and the X-ray stru[Yb(o-PhPhForm)2Cl(thf)2] (41), [Yb(DippForm)2Cl(thf)] (42) and
[Yb(DippForm)2Br(thf)] (43) (Eq. (5)) [26].
Equaon 5The coordination number for Yb in [Yb(EtForm)2F]2 (39), [Yb
(DippForm)2Cl(thf)] (42) and [Yb(DippForm)2Br(thf)] (43) is six.
[Yb(EtForm)2F]2 (39) has a dimeric structure containing fluoride-
bridges (Fig. 2-10). However, [Yb(DippForm)2Cl(thf)] (36) and [Yb
(DippForm)2Br(thf)] (43) are mononuclear. [Yb(o-PhPhForm)2Clcture of [Yb(EtForm)2(m-F)]2 (39).
Fig. 2-11. Schematic of the X-ray structure of [Yb(o-PhPhForm)2Cl(thf)2] (41).
Scheme 2-3. Schematic of the X-ray structure of [Ln(DippForm)2(thf){l-OC(Ph) = (C6H5)-C(Ph)2O}Ln(DippForm)2](Ln = Sm (47), Yb (48)).
Scheme 2-4. Schematic and part of the X-ray structures of [{Sm(DippForm)2(thf)}2(l-g2(C,S):j(S0 ,S00)-SCSCS2)] (49) highlighting the C2S4 fragment.
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chelating formamidinate ligands, a terminal chloride and two
THF donors (Fig. 2-11). In the case of using DippFormH and Hg
(2-BrC6F4)2 in RTP reactions, a series of complexes [Ln(DippForm)2-Br(thf)] (Ln = La (44), Nd (45)) was synthesized. For comparison
purposes, a related complex [Tb(DippForm)2Cl(thf)2]2.5THF (46)
was synthesized in this study using a metathesis reaction between
TbCl3 and Na(DippForm) [26].
Fig. 2-12. Representative molecular structure of [La(p-TolForm)3]2 (50).
Fig. 2-13. Schematic molecular structures of [Nd(p-TolForm)3(thf)2]THF (56) (left) and [Lu(p-TolForm)3(thf)]THF (57) (right) exemplifying the lowering of coordination
number with lanthanoid size.
Fig. 2-14. Schematic of the X-ray structures of [Sm(DippForm)2{OC-(Ph)2C2Ph}]
(60).
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(Ph)2O}Sm(DippForm)2] (47) (C6H5 = 1,4-cyclohexadiene-3-yl-6-
ylidene) compound was reported as the result of the reaction of
[Sm(DippForm)2(thf)2] (11) with benzophenone [27]. This com-
pound contains rare C-C coupling between a carbonyl carbon and
the carbon at the para position of a phenyl group of the OCPh2 frag-
ment. It was also found that the reaction of [Yb(DippForm)2(thf)2]
(4) with benzophenone gives a similar product (48) (Scheme 2-3),
with a ketyl complex intermediate considered to be involved.
It was also reported that [Sm(DippForm)2(thf)2] (11) reacts with
carbon disulfide to form a dinuclear [{Sm(DippForm)2(thf)}2
(l-g2(C,S):j(S0,S00)-SCSCS2)] (49) complex (Scheme 2-4). This com-
plex has a rare thioformyl carbonotrithioate ((SCSCS2)2) bridging
ligand.
RTP reactions were carried out between Hg(C6F5)2, p-TolForm
and rare earth metals including La, Ce, Nd, Lu and Sm to yield
trivalent lanthanoid formamidinates. By using THF as the
solvent, compounds were synthesized with the general form of
Fig. 2-15. X-ray structure of [Sm(DippForm)2(MesForm)] (62).
Fig. 2-16. X-ray structure of [Sm(DippForm)2(CyNC(CCPh)NCy)] (65).
Fig. 2-17. Schematic and the X-ray stru
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[15] It was the first time that the l-1j(N,N0):2j(N,N0) coordination
mode had been achieved in trivalent rare earth formamidinate
chemistry and also discussed previously for the divalent Eu com-
plex [{Eu(DFForm)2(CH3CN)2}2] (15). Fig. 2-12 shows the X-ray
structure of the [La(p-TolForm)3]2 (50) which is same as the [Sm
(p-TolForm)3]2 (51). The cerium analogue has a similar structure
but with an eclipsed rather than a staggered conformation [15].
Two l-1j(N,N0):2j(N,N0) bridging and four j(N,N0) terminal p-
TolForm ligands are present in the structure of each dimeric
complex.
[Sm(p-TolForm)3(Ph3PO)2] (52) was synthesized by treating
[Sm(p-TolForm)3]2 (51) with triphenylphosphine oxide (Ph3PO)
and crystallizing from C6D6. The reaction of DFFormH on [Sm(p-
TolForm)3]2 (51)was studied using PhMe. As a result of a protolysis
reaction and crystallization from THF/hexane, three different com-
plexes, [Sm(DFForm)2(p-TolForm)(thf)2] (53), [Sm(p-TolForm)3]2
(51) and [Sm(DFForm)3(thf)2] (54)were isolated. Another complex,
[K(18-Crown-6)][Sm(p-TolForm)4] (55), was synthesized by reac-
tion of [Sm(p-TolForm)3]2 (51) in PhMe in the presence of 18-
Crown-6 and a potassium mirror.
Fig. 2-13 shows the schematic structure for complexes in this
study containing Nd (56) and Lu (57) [15]. The Nd atom is eight
coordinated by three bidentate p-TolForm ligands and two tran-
soid-THF ligands (OANdAO: 153.61(6)), in a distorted dodecahe-
dral environment. The lutetium atom is seven coordinate with
one symmetric (Lu–N5: 2.374(4), Lu–N6: 2.373(4)) and two asym-
metric chelating p-TolForm ligands (Lu–N1: 2.386(4), Lu–N2:
2.303(4), Lu–N3: 2.358(4), Lu–N4: 2.336(4)) and one THF ligand
with the reduction in coordination number being a consequence
of the lanthanoid contraction.
Trivalent [Sm(DippForm)2(CCPh)(thf)] (58) can activate the
C@O bond of benzophenone and form [Sm(DippForm)2{OC(Ph)2C2-
Ph}(thf)] (59) with unsolvated [Sm(DippForm)2{OC-(Ph)2C2Ph}]
(60) as a minor product. j(N,N0)-Bonding between a DippForm
and samarium exists in all compounds (Fig. 2-14 [27]).
Oxidation of [Sm(DippForm)2(thf)2] (11) with different oxidiz-
ing agents has been investigated in another study [28]. Oxidation
of [Sm(DippForm)2(thf)2] (11) with DippNCNDipp in PhMe can
yield [Sm(DippForm)3] (61). Using the less bulky carbodiimide,
MesNCNMes, yields the heteroleptic [Sm(DippForm)2(MesForm)]cture of [LaF(DippForm)2(thf)] (30).
Scheme 2-5.
Fig. 2-18. Schematic molecular structures of [La(o-TolForm)3(thf)2] (67) (left) and [{Yb(o-TolForm)2(m-OH)thf}2] (85) (right).
Fig. 2-19. Schematic of the X-ray molecular structures of [Ce(DFForm)3(thf)2] (91) (left) and [Ce(DFForm)3] (92) (right).
Fig. 2-20. Schematic of the X-ray structure of [La(DippForm)3] (97).
Fig. 2-21. Schematic of the X-ray structure of [{(Me3Si)2N}2Sm{m-(RNC(H)N(Ar-Ar)
NC(H)NR)}Sm{N(SiMe3)2}2] (99) complex.
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Scheme 2-6. Schematic of the X-ray structure of [Ln(DippForm)(COT00)(thf)].C7H8 complexes (Ln = Sm (99), Yb (100)).
Fig. 2-22. Schematic of the X-ray structure of [Y(MesForm)(AlMe4)2] (102).
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bodiimide (CyNCNCy) as the oxidant in PhMe can yield two com-
plexes, [Sm(DippForm)2(CyNC(CH2Ph)NCy)] (63) and [Sm
(DippForm)2(CyNC(H)NCy)] (64) in approximately equal yields,
indicating activation of toluene has occurred. However, in the case
of using thf as the solvent, only [Sm(DippForm)2(CyNC(H)NCy)]
(64) can be isolated. In this process an intermediate radical com-
pound can receive a hydrogen atom from the solvent to give a for-
mamidinate ligand. This paper also reports complexes [Sm
(DippForm)2(CyNC(CCPh)NCy)] (65) (Fig. 2-16) and [Sm
(DippForm)2(MesNC(CCPh)NMes)] (66) as the result of the reaction
of [Sm(DippForm)2(CCPh)(thf)] (58) with RNCNR (R = Cy, Mes)
where the carbodiimide inserts into the Sm-CCPh bond.
A functionalised formamidine, DippForm((CH2)4OC6F4H-o) and
a rare terminal LnAF bond were formed in an RTP study from Dipp-
FormH, lanthanum and Hg(C6F5)2 (Scheme 3-5) [14]. The resulting
compound, [LaF(DippForm)2(thf)] (30) (Fig. 2-17), shows that lan-
thanum is six coordinate and there are two chelating cisoid Dipp-
Form ligands. The main idea of this study was to use the RTP
reaction with bis(pentafluorophenyl)mercury to synthesie a
heteroleptic lanthanum fluoride [La(L)2F] complex. This reportshows that the proposed [Ln(C6F5)L2] intermediate undergoes
CAF activation to yield [Ln(F)L2] and a unique functionalised for-
mamidine, DippForm((CH2)4OC6F4H-o) (Scheme 2-5) which arises
from a substituted benzyne, a ring opened thf and DippFormH. In
this study elemental lanthanum was used with bis(pentafluoro-
phenyl)mercury and DippFormH in THF in a 1 : 1.5 : 3
stoichiometry.
A series of tris(formamidinato)lanthanoid(III) complexes in the
form of [Ln(Form)3(thf)n] has been reported as the products of RTP
reaction between different lanthaniods and N,N0-bis (aryl)for-
mamidine ligands [24]. The o-TolFormH ligand was used with La
and Er to give [La(o-TolForm)3(thf)2] (67) and [Er(o-
TolForm)3(thf)] (68) respectively. [La(XylForm)3(thf)] (69) and
[Sm(XylForm)3] (70) were synthesized using XylFormH ligand
and MesFormH as the proligand yielded [Ln(MesForm)3] com-
plexes (Ln = La (71), Nd (72), Sm (73) and Yb (74)). In the case of
EtFormH, the [Ln(EtForm)3] complexes were synthesized (Ln = La
(75), Nd (76), Sm (77), Ho (78) and Yb (79)). The o-PhPhFormH
ligand gave [Ln(o-PhPhFormH)3] complexes (Ln = La (80), Nd
(81), Sm (82) and Er (83)). In this study, [Yb(o-TolForm)3(thf)]
(84) was isolated from a metathesis reaction route because the
RTP reaction consistently gave [{Yb(o-TolForm)2(m-OH)thf}2] (85).
The La metal center is eight-coordinate in 67 and the molecular
unit exhibits two transoid THF donor molecules (O-La-O: 157.23
(17)) (Fig. 2–18 left). In the Yb complex (85), each ytterbium cen-
ter has two chelating o-TolForm ligands, one THF molecule and
two bridging OH groups giving a seven-coordinate ytterbium atom
(Fig. 2-18 right). The ionic radius of Yb3+ is smaller than La3+ due to
the lanthanoid contraction giving the lanthanum complex a higher
coordination number than the ytterbium complex [33].
Using DippFormH which is a bulkier ligand, C-F activation
occurs to give [Ln(DippForm)2F(thf)] complexes (Ln = La (30), Ce
(86), Nd (87), Sm (88) and Tm (89)) [26]. [Nd(DippForm)2(CCPh)
(thf)] (90) was synthesized in this study by using bis(phenylethy-
nyl)mercury (Hg(CCPh)2) rather than Hg(C6F5)2 in an RTP reaction
and provides evidence for the formation of [Ln(Form)2R] (R = C6F5
or CCPh) intermediates. Hg(CCPh)2 also was used to prepare [Sm
(DippForm)2(CCPh)(thf)] (58) complex by oxidation of [Sm
(DippForm)2(thf)2] (11).
Three new cerium(III) formamidinate complexes comprising
[Ce(DFForm)3(thf)2] (91), [Ce(DFForm)3] (92), and [Ce(EtForm)3]
(93) are the results of a protonolysis reactions between [Ce{N
(SiMe3)2}3] and N,N0–bis(2,6-difluorophenyl)formamidine
(DFFormH) or EtFormH [34]. The unsolvated [Ce(DFForm)3] (92)
Scheme 2-7. Synthetic pathway and the products for formation of [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) and [La(2-Me3AlCH2-4,6-
Me2C6H2NCHNMes)(AlMe3)(AlMe4)]2(C6H14)1.5 (108) which cocrystallize 1:1.
Scheme 2-8. Structures of L2RECH2SiMe3thf [L = XylForm, RE = Y (113) and L = DippForm,RE = Y (113), Er (114), Dy (115), Sm (116), and Nd (117)].
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Table 2.3.1
Trivalent compounds.
Reaction Compound Method Refs.
[SmI2(THF)2] + solution of [Sm(DippForm)2(thf)2] in THF [Na(thf)5][Sm(I)2(DippForm)2(thf)] (12) Redox [29]
Eu + DFFormH in THF [{Eu(DFForm)2OH(thf)}2] (16) RTP [30]
[Yb(DFForm)2(thf)3] in PhMe exposed with trace O2 [{Yb2(DFForm)4(O)}2] (19) Oxidation [30]
La + CF3FormH + Hg(C6F5)2 in THF [La(CF3Form)3] (25) RT [32]
Yb + CF3FormH + Hg(C6F5)2 in THF [Yb(CF3Form)3(thf)] (26) RT [32]
[Sm(DippForm)2(thf)2] + (CH3)3CCl in PhMe [Sm(DippForm)2Cl(thf)] (27) Oxidation [23]
[Sm(DippForm)2(thf)2] + BrCH2CH2Br in PhMe [Sm(DippForm)2Br(thf)] (28) Oxidation [23]
[Sm(DippForm)2(thf)2] + I2 in PhMe [Sm(DippForm)2I(thf)] (29) Oxidation [23]
[Sm(DippForm)2Cl(thf)] + MeLi in PhMe [Sm(DippForm)2Me(thf)] (31) Metathesis [23]
[Sm(DippForm)2Cl(thf)] + SiMe3CH2Li [Sm(DippForm)2(CH2SiMe3)(thf)] (32) Metathesis [23]
[La(DippForm)2F(thf)] + MeLi in PhMe [La(DippForm)2Me(thf)] (33) Metathesis [23]
Sm + Hg(2-BrC6F4)2 + DippFormH [Sm(DippForm)Br2(thf)3] (34) RTP [23]
[Sm(DippForm)2(thf)2] and diphenylmercury in toluene [Sm(DippForm)2(OCH@CH2)(thf)] (35) Oxidation + thf
cleavage
[23]
[Yb(DFForm)2(thf)3] + BP in DME (crystallised from
PhMe)
[Yb(DFForm)3(bp)] (36) Oxidation and
redistribution
[30]
[Yb(DFForm)2(thf)3] + TiCl4(thf)2/Ph3CCl in THF [Yb(DFForm)2Cl(thf)2] (37) Oxidation [30]
Yb + DFFormH + Hg(C6F5)2 in THF [Yb(DFForm)3(thf)] (38) RTP [30]
Perfluorodecalin + [Yb(EtForm)2(thf)2] in THF [{Yb(EtForm)2(l2-F)}2] (39) CAF activation [26]
Perfluorodecalin + [Yb(o-PhPhForm)2(thf)2] in THF [Yb(o-PhPhForm)2F]2 (40) CAF activation [26]
Hexachloroethane + [Yb(o-PhPhForm)2(thf)2]2THF in
THF
[Yb(o-PhPhForm)2Cl(thf)2] (41) CACl activation [26]
1,2-dichloroethane + [Yb(DippForm)2(thf)2] in PhMe [Yb(DippForm)2Cl(thf)] (42) CACl activation [26]
Yb + Hg(2-BrC6F4)2 + DippFormH in THF [Yb(DippForm)2Br(thf)] (43) CABr activation [26]
Ln + Hg(2-BrC6F4)2 + DippFormH in THF [Ln(DippForm)2Br(thf)] (Ln = La (44), Nd (45)) CABr activation [26]
[Na-(DippForm)(thf)3] + TbCl3 in THF [Tb(DippForm)2Cl(thf)2]2.5THF (46) Metathesis [26]
[Sm (DippForm)2(thf)2] + Benzophenone in toluene [Sm (DippForm)2(thf) {l-OC(Ph)@(C6H5)C-(Ph)2O}Sm(DippForm)2] (47) Ketyl
rearrangement
[27]
[Yb(DippForm)2(thf)2] + Benzophenone in toluene [Yb (DippForm)2(thf) {l-OC(Ph)@(C6H5)C(Ph)2O}Yb(DippForm)2] (48) Ketyl
rearrangement
[27]
[Sm(DippForm)2(thf)2] + CS2 in C6D6 [{Sm(DippForm)2(thf)}2(l-g2(C,S):j(S0 ,S00) SCSCS2)] (49) Oxidation [27]
Ln + p-TolFormH + Hg(C6F5)2 in THF [Ln(p-TolForm)3]2 (Ln = La (50), Ce (96), Sm (51), Nd (127)) RTP [15]
[Sm(p-TolForm)3]2.1/2 thf + Ph3PO in PhMe [Sm(p-TolForm)3(Ph3PO)2] (52) Bridge splitting [15]
[Sm(p-TolForm)3]2.1/2 thf + DFFormH in PhMe
(crystallised from THF/Hexane mixture)
[Sm(p-TolForm)(DFForm)2(thf)2] (53) Bridge splitting [15]
[Sm(p-TolForm)3]2.1/2 thf + DFFormH in PhMe
(crystallised from THF/Hexane mixture)
[Sm(DFForm)3(thf)2] (54) Bridge splitting [15]
KC8 + 18-Crown-6 + [Sm(p-TolForm)3]2 in PhMe [K(18-Crown-6)][Sm(p-TolForm)4] (55) Attempted
reduction
[15]
[Nd(p-TolForm)3]2.PhMe dissolved in THF and layered
with hexane
[Nd(p-TolForm)3(thf)2] (56) Bridge splitting [15]
Lu + p-TolFormH + Hg(C6F5)2 in THF [Lu(p-TolForm)3(thf)] (57) RTP [15]
[Sm(DippForm)2(thf)2] + Hg(CCPh)2 in Toluene [Sm(DippForm)2(C„CPh)(thf)] (58) Oxidation [24]
[Sm(DippForm)2(CCPh)(thf)] + Benzophenone in toluene [Sm(DippForm)2{OC(Ph)2C2Ph}(thf)] (59) (major) [Sm(DippForm)2{OC
(Ph)2C2Ph}] (60) (minor)
Insertion [27]
Dissolution of [Na(THF)5][SmI2(DippForm)2(THF)] in
hexane
[Sm(DippForm)3] (61) Rearrangement [29]
[Sm(DippForm)2(thf)2 + DippNCNDipp in toluene [Sm(DippForm)3] (61) Oxidation [28]
MesNCNMes + [Sm(DippForm)2(thf)2] in PhMe
(crystallised from hexane)
[Sm(DippForm)2(MesForm)] (62) Oxidation [28]
N,N0-dicyclohexylcarbodiimide (CyNCNCy) + [Sm
(DippForm)2(thf)2] in PhMe




dicyclohexylcarbodiimide (CyNCNCy) in PhMe
[Sm(DippForm)2(CyNC(C„CPh)NCy)] (65) Insertion [28]
[Sm(DippForm)2(C„CPh)(thf)] + MesNCNMes in PhMe [Sm(DippForm)2(MesNC(C„CPh)NMes)] (66) Insertion [28]
La + o-TolFormH + Hg(C6F5)2 in THF [La(o-TolForm)3(thf)2] (67) RTP [24]
Er + o-TolFormH + Hg(C6F5)2 in THF [Er(o-TolForm)3 (thf)] (68) RTP [24]
La + XylFormH + Hg(C6F5)2 in THF [La(XylForm)3(thf)] (69) RTP [24]
Sm + XylFormH + Hg(C6F5)2 in THF [Sm(XylForm)3] (70) RTP [24]
Ln + MesFormH + Hg(C6F5)2 in THF [Ln(MesForm)3] (Ln = La (71), Nd (72), Sm (73) and Yb (74)) RTP [24]
Ln + EtFormH + Hg(C6F5)2 in THF [Ln(EtForm)3] (Ln = La (75), Nd (76), Sm (77), Ho (78) and Yb (79)) RTP [24]
Ln + o-PhPhFormH + Hg(C6F5)2 in THF Ln(o-PhPhForm)3] (Ln = La (80), Nd (81), Sm (82) and Er (83) RTP [24]
YbCl3 + o-TolFormLi in THF [Yb(o-TolForm)3(thf)] (84) Metathesis [24]
Yb + o-TolFormH + Hg(C6F5)2 in THF [{Yb(o-TolForm)2 (l-OH)(thf)}2] (85) RTP [24]
Ln + DippFormH + Hg(C6F5)2 in THF [Ln(DippForm)2F(thf)] (Ln = La (30), Ce (86), Nd (87), Sm (88) and Tm (89)) RTP + CF
activation
[24]
Nd + DippFormH + Hg(CCPh)2 in THF [Nd(DippForm)2(C„CPh)(thf)] (90) RTP [24]
[Ce{N(SiMe3)2}3] + DFFormH in THF [Ce(DFForm)3(thf)2] (91) Protolysis [34]
[Ce{N(SiMe3)2}3] + DFFormH in PhMe [Ce(DFForm)3] (92) Protolysis [34]
[Ce{N(SiMe3)2}3] + EtFormH in THF [Ce(EtForm)3] (93) Protolysis [34]
Oxidation of [Ce(DFForm)3(thf)2] with Ph3CCl [Ce3Cl5(DFForm)4(thf)4] (94) Attempted
oxidation
[34]
[Ce(EtForm)3] + Ph3CCl in THF [Ce(EtForm)Cl2(thf)3] (95) Redox [34]
[La(DippForm)2Me(thf)] + H2C5Ph4 in C6D6 [La(DippForm)3] (97) – [23]
(continued on next page)
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Table 2.3.1 (continued)
Reaction Compound Method Refs.
[Sm{N(SiMe3)2}2(THF)2] and N,N0-bis(2,6-
diisopropylphenyl)carbodiimide in hexane






SmCl3 + DippFormLi + Li2COT00 in THF Sm(DippForm)(COT00)(THF) (COT00 = 1,4-bis-(trimethylsilyl)cyclooctatetraenyl
dianion) (99)
Metathesis [36]
YbCl3 + DippFormLi + Li2COT00 in THF Yb(DippForm)(COT00)(THF) (COT00 = 1,4-bis-(trimethylsilyl)cyclooctatetraenyl
dianion) (100)
Metathesis [37]
Y(AlMe4)3 + EtFormH in hexane Y(EtForm)(AlMe4)2 (101) Protolysis [20]
Y(AlMe4)3 + MesFormH in hexane Y(MesFormAlMe3)(AlMe4)2 (102) Protolysis [20]
Ln(AlMe4)3 + DippFormH in hexane Ln(DippForm)(AlMe4)2 (Ln = Y (103), La (105)) Protolysis [20]
Ln(AlMe4)3 + tBuFormH in hexane Ln(tBuForm)(AlMe4)2 (Ln = Y (104), La (106) Protolysis [20]
La(AlMe4)3 + MesFormH in hexane [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107)
and [La(2-Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)](C6H14)1.5] (108)
Protolysis [20]
La(AlMe4)3 + EtFormH in toluene [La(g1(N):g6(Ar)-EtFormAlMe3)(AlMe4)2](C7H8)1.5 (109) Protolysis [20]
Y[N(SiHMe2)2]3(thf)2 + EtFormH in hexane Y(EtForm)[N(SiHMe2)2]2(thf) (110) Protolysis [20]
Y[N(SiHMe2)2]3(thf)2 + DippFormH in hexane Y(DippForm)[N(SiHMe2)2]2(thf) (111) Protolysis [20]
Y(CH2SiMe3)3(THF)2 + XylFormH in Hexane Y[XylForm]2 (CH2SiMe3)(thf) (112) Protolysis [38]
Ln(CH2SiMe3)3(THF)2 + DippFormH in Hexane Ln[DippForm]2 (CH2SiMe3)(thf) (Ln = Y (113), Er (114), Dy (115), Sm (116)) Protolysis [38]
n-BuLi + DippFormH + NdCl3 + LiCH2SiMe3 Nd[DippForm]2 (CH2SiMe3)(thf) (117) Metathesis [38]
Yb + FFormH + Hg(C6F5)2 in THF [Yb(FForm)3(thf)] (118) RTP [31]
La + FFormH + Hg(C6F5)2 in THF [La(FForm)3(thf)2].thf (119) RTP [31]
Nd + FFormH + Hg(C6F5)2 in THF [Nd(FForm)3(thf)x] (x = 1 (120), x = 2 (121)) RTP [31]
[La(FForm)3(thf)2].thf dissolved in DME [La(FForm)3(dme)] (122) Ligand exchange [31]
Nd + FFormH + Hg(C6F5)2 in THF (crystallised from
diglyme)
[Nd(FForm)3(diglyme)].diglyme (123) RTP [31]
Nd + TFFormH + Hg(C6F5)2 in THF (crystallised from a
mixture of DME and toluene)
[Nd(TFForm)3(dme)] (124) RTP [31]
[Yb(TFForm)2(thf)2] was dissolved in toluene and
crystallised from mixture of toluene and hexane
[Yb(TFForm)3(thf)2] (125) – [31]
[Yb(TFForm)2(thf)2] was dissolved in diglyme and
crystallised from mixture of toluene and hexane
[Yb(TFForm)(diglyme)2][Yb(TFForm)4] (126) – [31]
[Ce{N(SiHMe2)2}3(thf)2] + [Li{N(SiHMe2)2}] + DFFormH in
PhMe
[LiCe(DFForm)4] (128) Protolysis [34]
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species [Ce(DFForm)3(thf)2] (93) (Fig. 2-19), can be formed by add-
ing THF to [Ce(DFForm)3] (92) but this process is irreversible. The
absence of THF in the [Ce(DFForm)3] (92) complex may be the
main reason for having shorter Ce-N bonds in this complex com-
pared to the Ce-N bonds in [Ce(DFForm)3(thf)2] (93). The shorter
Ce-N bonds in [Ce(DFForm)3] (92) allow fluorine coordination.
Because of the coordinating fluorine the Cipso-N-CH angle (126.4(
2)–128.3(2)) is higher compared to the [Ce(DFForm)3(thf)2] (93)
complex (116.1(4)–121.4(4)). It has been reported another Ce
(III) complex [Ce3Cl5(DFForm)4(thf)4] (94) was synthesized by
attempted oxidation of [Ce(DFForm)3(thf)2] with Ph3CCl (93)while
[Ce(EtForm)Cl2(thf)3], (95) was isolated from a similar reaction of
[Ce(EtForm)3], (92).
Moreover, the cerium(III) formamidinate [{Ce(p-TolForm)3}2]
(96) was prepared in good yield (96%) using a protolysis reaction
between [Ce{N(SiMe3)2}3] and p-TolFormH ligand [34]. The struc-
ture was determined following an alternative RTP synthesis [15].
Unexpectedly, the homoleptic tris-(formamidinato)lanthanum
complex [La(DippForm)3] (97) (Fig. 2-20) was isolated in a very
low yield from the ligand exchange reaction of [La(DippForm)2-
Me(thf)] (33) with 1,2,3,4-tetraphenylcyclopentadiene [23]. An
earlier attempt to prepare this complex by metathesis was unsuc-
cessful [29].
The [{(Me3Si)2N}2Sm{m-(RNC(H)N(Ar-Ar)NC(H)NR)}Sm{N(SiM
e3)2}2] (98) complex with a coupled, bis(formamidinate) ligand
(Fig. 2-21), was synthesized by reaction of solutions of N,N0-bis(2,
6-diisopropylphenyl)carbodiimide and [Sm{N(SiMe3)2}2(thf)2] in
hexane [35].
It has been reported that [N,N0-bis(2,6-diisopropylphenyl)forma
midinato][g8-1,4-bis(trimethylsilyl)cyclooctatetraenyl](tetrahy
drofuran)samarium(III) toluene monosolvate (99) can be synthe-
sized by the treatment of Li(DippForm) with anhydrous samariumtrichloride and Li2(COT00) [COT00 = 1,4-bis(trimethylsilyl)cyclooctate
traenyl] in thf [36]. The same procedure was also used to synthe-
size [(COT00)Yb-(DippForm)(thf)] (100) (Scheme 2-6) [37].
A series of Y(Form)(AlMe4)2 (Form = EtForm (101), MesForm
(102), DippForm (103), tBuForm (104)) complexes have been syn-
thesized by protolysis of Y(AlMe4)3 species (Fig. 2-22). Using the
same route and La metal, La(Form)(AlMe4)2 (Form = DippForm
(105), tBuForm (106)) complexes can be prepared [20]. Adding La
(AlMe4)3 to one equivalent of MesFormH in hexane yields a yellow
solution, from which the complexes [La{g1(N):g6(Ar)-2-
Me3AlCH2-4,6-Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) and [La
(2-Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)](C6H14)1.5]
(108) have been co-crystallised in a 1:1 ratio and result from CAH
activation of a C-Me group of the mesityl moiety. The presence of a
methylene ligand is the most interesting structural characteristic
of this compound. The methylene ligand increases the coordination
saturation of the lanthanum center and helps theg2 binding of two
aromatic carbon atoms (Scheme 2-7). The same method was used
to synthesize [La(g1(N):g6(Ar)-EtFormAlMe3)(AlMe4)2](C7H8)1.5
(109). In this study Y[N(SiHMe2)2]3(thf)2 was treated with
EtFormH and DippFormH in protolysis reactions to yield Y
(EtForm)[N(SiHMe2)2]2(thf) (110) and Y(DippForm)[N
(SiHMe2)2]2(thf) (111) respectively.
The coordination number in [La{g1(N):g6(Ar)-2-Me3AlCH2-4,6-
Me2C6H2NCHNMes}(AlMe3)(AlMe4)] (107) is 10 and this complex
contains the g1(N):g6(Ar) binding mode of the metallated Form
ligand. The coordination number for the La center in [La(2-
Me3AlCH2-4,6-Me2C6H2NCHNMes)(AlMe3)(AlMe4)] (108) is nine
and AlMe3 bridges a nitrogen donor atom and the lanthanum atom
via two methyl groups. The upper product (Scheme 2-7) can be iso-
lated pure from the filtrate after isolation of the 1:1 mixture.
A series of rare-earth metal monoalkyl complexes of formamid-
inates, LnL2CH2SiMe3thf [L2 = (XylForm)2, Ln = Y (112), L2 =
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(117)] (Scheme 2-8) were synthesized by alkyl elimination or salt
metathesis reactions in good yields (64–73%) [38]. These com-
pounds are similar to the reported complexes in another study
(see above Scheme 2-2) [23].
Using the FFormH ligand in RTP reactions yielded [Yb(FForm)3(-
thf)] (118), [La(FForm)3(thf)2].thf (119) and [Nd(FForm)3(thf)x]
(x = 1–2) (120, 121) complexes [31]. These compounds were crys-Scheme 2-9. The procedure of making [Ce{N(SiHMe2)2}4] com
Fig. 2-23. Schematic and the X-ray sttalized either from DME or diglyme/hexane to give [La(FForm)3
(dme)] (122) and [Nd(FForm)3(diglyme)].diglyme (123) complexes
to allow X-ray crystal structural determinations. In an RTP reaction
with Nd and after recrystallization from dme, [Nd(TFForm)3(dme)]
(124)was isolated. Two other complexes [Yb(TFForm)3(thf)2] (125)
and [Yb(TFForm)(diglyme)2][Yb(TFForm)4] (126) were synthesized
by heating [Yb(TFForm)2(thf)3] (5) in PhMe and diglyme
respectively.plex and formamidine-promoted protonolysis reactions.
ructure of [LiCe(DFForm)4] (128).
Fig. 2-24. Schematic of the X-ray structure of [Ce(p-TolForm)4] (130).
Scheme 3-2. Isoprene polymerisation showing only the cis-1,4 isomer.
Scheme 3-1. Tishchenko reaction.
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Table 2.3.1.
2.4. Tetravalent compound(s) [34]
2.4.1. Synthesis of trivalent complexes that are potential precursor of
tetravalent complexes
Treating a mixture of [Ce{N(SiHMe2)2}3(thf)2] and [Li{N
(SiHMe2)2}] with four equivalents of DFFormH in toluene resulted
in the bimetallic cerium lithium complex [LiCe(DFForm)4] (128).
The cerium–lithium bimetallic complex [LiCe(DFForm)4] (128)
was the first reported trivalent rare-earth complex with four coor-
dinating formamidinate ligands. The cerium atom is ten-
coordinated, with eight nitrogen and two fluorine donor atoms
(Fig. 2-23). The lithium atom is six-coordinate and it has closer flu-
orine interactions than the bridging lithium-nitrogen bond lengths.
Bridging of the ligands to the larger, higher charged cerium atom
maybe the main reason for inability of the lithium metal to bind
closer to nitrogen. It can be seen that this complex has one termi-
nal formamidinate ligand bound N, N0, F to cerium and three for-
mamidinate ligands bridging between cerium and lithium. The
bridging formamidinate ligands have one nitrogen bridging Ce
and Li, and are bond just to Ce, i.e. the ligands are chelating to Ce
and unidentate to Li.
2.4.2. Protolysis of Ce(IV) amides to give Ce(IV) formamidinates
It has been reported [34] that the product of the reaction of [Ce
{N(SiHMe2)2}4] with DFFormH and EtFormH are cerium(IV) com-
plexes, e.g. [Ce(EtForm)4] (129), which decompose before possible
isolation (Scheme 2-9). Using a protolysis reaction between [Ce{N
(SiHMe2)2}4] and four equivalents of p-TolFormH, the first struc-
turally characterized homoleptic cerium(IV) formamidinate com-
plex [Ce(p-TolForm)4] (130) was obtained [35]. The coordination
number of cerium in this compound is eight (Fig. 2-24).
Scheme 2-9 shows the procedure of synthesising [Ce{N
(SiHMe2)2}4] and the subsequent formamidine-promoted protoly-
sis reactions. However, reaction of [Ce{N(SiHMe2)2}4] with bulkier
formamidines leads to reduction giving CeIII complexes (Scheme 2-
9).
3. Catalysis
A series of tris(formamidinato)lanthanum(III) complexes [La(o-
TolForm)3(thf)2] (57), [La(XylForm)3(thf)] (59) and [La(EtForm)3]
(65) (synthesis by RTP reactions [26]-Table 2.3.1) have beenreported to be precatalysts for the Tishchenko reaction. The Tish-
chenko reaction is the dimerization of an aldehyde to form the cor-
responding carboxylic ester (Scheme 3-1) and is an industrially
important reaction [9]. Generally, aluminum alkoxides have been
used as homogeneous catalysts for the Tishchenko reaction. [39–
41] However, other catalysts such as boric acid [42] and a few
transition-metal complexes have been used in the recent past
[43]. Recently, some Mg compounds have been tested as catalysts
for the Tishchenko reaction [44]. But these alternative catalysts are
often either very expensive (e.g. [H2Ru(PPh3)2]) [41] or give low
yields (e.g. K2[Fe(CO)4]) [42,44], or they are only reactive under
extreme reaction conditions (e.g. boric acid) or slow (e.g. [(C5H5)2-
ZrH2]) [43]. The lanthanoid formamidinate compounds are the
most active catalyst system ever reported. Catalytic activity
increases with reduced steric effect of the formamidinate ligands,
with [La(o-TolForm)3(thf)2] (57) the most effective, La is the most
effective metal.
The catalytic activity of the compounds [Ln(Form)(AlMe4)2]
(Ln = Y, La; Form = EtForm (89, 93), DippForm (91, 95)) in isoprene
polymerization was investigated by activating them with [Ph3C][B
(C6F5)4] or [PhNMe2H][B(C6F5)4]. At ambient temperature, polyiso-
prene of narrow molecular weight distribution (PDI < 1.2) was pro-
duced. The stereochemical outcome of the polymerization was
dependent on the catalyst; trityl tetrakis(pentafluorophenyl)borate
gave trans-1,4-selectivity (maximum 87%), while the anilinium
borate favours cis-1,4-selectivity (maximum 82%) [20]. The general
isoprene polymerisation reaction is illustrated in Scheme 3-2 (only
the cis-1,4 isomer is shown, trans-1,4, 1,2 and 3,4 polymers are also
possible).
Moreover, a series of rare-earth metal monoalkyl complexes of
formamidinates LnL2CH2SiMe3thf [L = XylForm, Ln = Y, L = Dipp-
Form, Ln = Y, Er, Dy, Sm, and Nd] were combined with [Ph3C][B
(C6F5)4] and alkylaluminium species to test the catalytic activity
for isoprene polymerisation. The catalytic activity towards iso-
prene polymerization provided polyisoprenes with high molecular
weight (Mn > 104) and narrow molecular weight distributions
(PDI < 2.0) were obtained. If the catalysts were added in the order
[RE]/[alkylaluminium]/[B(C6F5)4- ], 1,4- regioselectivity was
reported as high as 98%. However, there was no appreciable selec-
tivity between cis-1,4- and trans-1,4- isomers in the polymers [38].4. Conclusions and outlook
The formamidinate complexes of rare earth metals have been
reviewed. By varying the metals or the steric and electronic effects
of the ligands, the structures and reactivity of the resulting com-
plexes can be widely varied. By using formamidinates with fluori-
nated substituents on the arene rings, C-F activation can be
G.B. Deacon et al. / Coordination Chemistry Reviews 340 (2017) 247–265 265promoted. The current review offers many openings to future
research involving these easy to prepare ligands, and many other
related ligands can be used to provide new reactivity and struc-
tures. Unusual oxidation state chemistry for the rare earth metals
remains a challenge, e.g. divalent complexes other than Eu(II),
Sm(II) and Yb(II) and tetravalent complexes other than Ce(IV).
The chemical and catalytic activity of some of these compounds
presented has been explored but there still remains much more
to be studied.
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